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ABSTRACT 
Rare earth-transition metal alloys are of interest in MEMS and magnetic storage 
industries because of their unique magnetic properties. However, the applications of these 
alloys have been limited to bulk and thin film architectures because of the limitations of 
the contemporary vapor deposition technique to fabricate high aspect ratio 
nanostructures. The objective of this study is to develop an electrochemical process to 
deposit rare earth-transition metal alloys thus making it possible to deposit high aspect 
ratio nanostructures such as nanowires and nanotubes, which helps to tune their 
properties for specific applications. 
Electrodeposition of rare earth-transition metal alloys was achieved from an aqueous 
electrolyte kept under quiescent condition. The effect of cobalt (II) concentration, pH and 
deposition potential on rare earth-cobalt alloy electrodeposition was investigated. The 
alloy composition and the partial current densities exhibited a coupled deposition 
behavior between cobalt and rare earth. The rare earth concentration in the deposit and 
the current efficiency was found to depend on cobalt (II) concentration.  
Template electrodeposition of rare earth-transition metal alloy nanowires and 
nanotubes was demonstrated for the first time. Template deposition enabled the growth of 
several micron long deposits as compared to about 200 nm thick films deposited on 
planar substrate. Electrodeposition of rare earth-cobalt alloy nanotubes was observed 
from unmodified templates under low electrolyte pH, short deposition time and larger 
 xii
pore sizes. Also the composition of the deposit showed strong dependence to diffusion. 
The crystalline and magnetic properties investigation showed an amorphous deposit with 
small coercivity and squareness ratio. Compositionally modulated, electrodeposited, 
multilayered nanowires of CoGd/Co were also demonstrated. 
Based on the experimental results of rare earth-cobalt alloy deposition on planar 
electrodes and templates, an electrochemical reaction mechanism and a steady state 
kinetic model were presented. The mechanism showed a coupled behavior based on 
competitive adsorption of the intermediates. The kinetic model showed a good data fit 
between the experimental and simulated results.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xiii
CHAPTER I. INTRODUCTION 
Rare earth-transition metal alloys are known for their unique magnetic properties and 
are suitable for a number of applications. Terbium, dysprosium and samarium alloys with 
iron and cobalt show giant magnetostriction, i.e. a change in dimension of the material in 
the presence of an external magnetic field [1.1-1.5]. They are used in their bulk form as 
well as thin films in applications such as actuators, microvalves and micropumps [1.6, 
1.7]. Gadolinium and terbium alloy thin films with transition metals exhibit a magneto-
optical effect, i.e. change in polarization of incident light due to the magnetic field, and 
are used in magneto-optical storage devices [1.8-1.10]. Samarium alloys, unlike terbium 
and gadolinium alloys, couple ferromagnetically with Fe, Co and Ni, and therefore are 
among some of the strongest known permanent magnets [1.11-1.13]. Due to their high 
magnetic moment and high anisotropy Sm-Co alloys also are potential materials for 
longitudinal high density data storage media [1.14, 1.15]. 
The primary way of preparing rare earth-transition metal alloy thin film has been by 
vacuum techniques, such as sputtering. The drawbacks of the contemporary procedure is 
its difficulty to deposit into recessed and high aspect substrates, and high cost. 
Electrodeposition is an alternate way of achieving the same albeit with lower cost 
equipments and higher rate of fabrication.  However, to date, there are few reports of rare 
earth electrodeposition. The primary challenge in rare earth electrodeposition is due to 
the very negative reduction potential of the rare earth elements, which limits the metal 
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deposition by the favored solvent decomposition reaction. In water, hydrogen evolution 
occurs at a more noble potential than the rare earth deposition so that either the metal 
deposition proceeds with a very low current efficiency or not at all. However, rare earth 
transition metal alloy electrodeposition has been reported in the literature from both 
aqueous [1.16-1.22] and organic electrolytes [1.23-1.26].  
One strategy to electrodeposit rare earth alloys in aqueous electrolytes is to shift the 
reduction potential of rare earth metals to a positive value by use of complexing agents. 
For example, a number of complexing agents have been reported for the 
electrodeposition of rare earth metals, such as: glycine [1.17], sodium potassium tartrate 
[1.27], sodium citrate, EDTA, oxalic acid, thiocyanate and sodium acetate [1.18].P
 
P Non-
aqueous electrolytes such as formamide or dimethyl formamide have been used to avoid 
or minimize the water reduction side reaction. The problems associated with using 
organic electrolytes include: the complexity of making anhydrous solvent and solutes, the 
low rate of reaction and low conductivity of the electrolyte. All these complications 
warrant the need of developing a way to deposit rare earth-transition metal alloy from 
aqueous media.  
Gong and Podlaha [1.16] have shown that in citrate and tartrate electrolytes the iron 
induces the codeposition of terbium. When iron was eliminated from the electrolyte, no 
terbium deposit was obtained over the same current and potential range as the TbFe alloy. 
Liu et al. [1.28-1.30], in their recently published paper, reported induced codeposition in 
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Sm-Co electrodeposition from a molten bath. The samarium deposition was observed at -
1.15 V in the presence of cobalt and samarium was preferentially deposited over cobalt 
with samarium content in the deposit reaching as high as 79 weight %. In the absence of 
cobalt, samarium deposition did not occur. Sato et al. [1.31] observed an acceleration in 
samarium deposition rate caused by cobalt from a formamide bath. Although he did not 
specifically mention the term induced codeposition, nonetheless, he observed an inducing 
action of cobalt on samarium. Thus, these papers question whether the role of the 
complexing agent or use of organic and molten electrolyte is critical at all in achieving 
rare earth-transition metal alloy codeposition.  
The successful electrodeposition of rare earth-transition metal alloys makes it 
possible to deposit into nanopores and micro-recesses facilitating the fabrication of high 
aspect ratio nanostructures. Nanowire architectures of magnetic elemental deposits [1.32-
1.35] and alloys [1.36-1.39] have gained much attention recently because of their 
potential applications in high density storage [1.40] and sensors [1.41]. Template based 
deposition using alumina and polycarbonate membranes is the most used technique to 
fabricate nanowires [1.32-1.39] and nanotubes [1.42, 1.43]. Commercial alumina 
templates offer deeper and denser pores and have been used to deposit, for example, Ni 
[1.32], Co [1.34], Fe [1.44], CoNi [1.36], NiFe [1.37] and CoNiFe [1.38, 1.39] 
nanowires. Nanotube electrodeposition of Ni [1.42] and CoNiCu [1.43] has been reported 
in polycarbonate membranes as a case of incomplete filling of the pores due to hydrogen 
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bubbles created in low pH and low efficiency electrolytes. Fabrication of rare earth-
transition metal alloy nanowires and nanotubes has not yet been demonstrated to the best 
of authors’ knowledge. 
In this study, rare earth-cobalt was deposited without the use of any complexing 
agents. The objective of this study is to develop an understanding of the interacting 
mechanism of rare earth-transition metal alloy electrodeposition and to fabricate high 
aspect ratio nanostructures. In chapter 2, the interacting codeposition behavior in rare 
earth-cobalt alloy thin film deposition was investigated and the effect of cobalt (II) 
concentration, pH and deposition potential was analyzed. Based on the understanding of 
the alloy electrodeposition behavior, template deposition for nanowire and nanotube 
deposition was investigated in chapter 3. The effect of deposition conditions on deposit 
morphology and composition was analyzed. Finally in chapter 4, the electrochemical 
reaction mechanism of the electrodeposition process was developed that includes a 
description of the induced codeposition behavior and a steady-state model is presented 
based on the experimental results of chapter 2 and chapter 3.  
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CHAPTER II. ELECTRODEPOSITION OF RARE EARTH-TRANSITION 
METAL THIN FILMS TP
*
PT 
Efforts to fabricate rare earth alloys with different functional features have been 
underway since the 1960s [2.1, 2.2]. Thin film rare earth-transition metal alloys have 
been fabricated using different methods such as ion beam sputtering [2.3, 2.4], rf 
magnetron sputtering [2.5], electron beam evaporation [2.6], vacuum flash evaporation 
[2.6] and electrodeposition techniques [2.7-2.9]. In this chapter a brief literature review 
on the electrodeposition of rare earth-transition metal alloys is presented followed by the 
experimental setup and results of rare earth-transition metal thin film electrodeposition. 
The objective of this study is to investigate the interacting codeposition behavior in rare 
earth-transition metal alloys. 
2.1 Literature Review 
The challenge in electrodepositing rare earth elements lie in the very negative 
reduction potentials (EP
°
PBRE/RE PB
3+
P≈ -2.3 V vs. NHE) which competes with the decomposition 
reaction of the solvent. In water, the potential of hydrogen evolution occurs at a more 
noble potential than the rare earth deposition so that either the metal deposition proceeds 
with a very low current efficiency or not at all. The approach followed to electrodeposit 
rare earth-transition metal alloys has been by shifting the reduction potential of rare earth 
elements to a more positive value by using complexing agents or by eliminating water 
from the electrolyte and using more stable organic electrolytes. A number of complexing 
                                                 
TP
*
PT Reproduced by permission of The Electrochemical Society.  
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agents have been reported for the electrodeposition of rare earth metals, such as: glycine 
[2.7], sodium potassium tartrate [2.10], sodium citrate, EDTA, oxalic acid, thiocyanate 
and sodium acetate [2.11]. Non-aqueous electrolytes such as formamide or dimethyl 
formamide, have been used to avoid or minimize the water reduction side reaction. Low 
temperature molten electrolytes with eutectic mixture of urea and salts have also been 
used. A brief review of the electrodeposition of rare earth-transition metal alloys from 
aqueous, organic and molten electrolytes is presented here.  
2.1.1 Aqueous Electrolytes 
The reduction potentials of rare earth elements have been shown to depend on the 
complexing agents and the type of substrates used for electrodeposition. Lokhande, et al. 
[2.11] investigated the effect of various complexing agents for the deposition of 
samarium from a bath containing 0.02 to 0.04 M samarium nitrate. The complexing 
agents used were oxalic acid, sodium citrate, ethylenediaminetetraacetic (EDTA), sodium 
acetate and thiocyanate ligands. The deposition potentials moved in a positive direction 
with oxalic acid, citric acid and thiocyanate, whereas with EDTA, the deposition 
potential shifted more cathodically, in the negative direction. Kumbhar et al. [2.12] 
deposited dysprosium from aqueous acidic bath on stainless steel, copper, brass, titanium 
and ITO coated glass substrates. The deposition potential was dependent on the substrate 
as well as the complexing agent used in the experiment. Oxalic acid was found to be the 
most suitable complexing agent. Jundhale et al. [2.13] deposited samarium from an 
aqueous bath containing tartaric acid as the complexing agent. The composition of the 
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bath was 50 mM of samarium oxide and with varying concentration of tartaric acid. The 
electrodeposition was over a range of -0.4 V to -1.2 V vs. SCE. Complex formation of 
samarium with tartaric acid was considered to take place and the reduction of samarium 
from the complex accounted for the significant reduction of the deposition potential. The 
concentration of the complexing agent in the electrolyte had little influence on the 
electrodeposition potential, whereas the increase in pH increased the potential, suggesting 
formation of strong complexes at higher pH.  
Schwartz et al. [2.7] investigated the role of aliphatic aminocarboxylic acids 
(glycine, serine and alanine) as complexing agents in electrodeposition of FeNd, FeGd, 
CoNd, CoGd, NiNd, NiGd, CoCe, NiSm and CoSm from an aqueous solution. The 
composition of the deposited alloy was found to depend on the electrolyte composition as 
well as deposition conditions such as pH, current density and agitation. Chloride and 
sulfamate salts were used and it was concluded that the sulfamate bath performed better 
in terms of lower stress in the deposit. Ternary rare earth-transition metal-boron alloys 
were also deposited by using dimethylamine borane (DMAB) into the solution as a boron 
source. The current efficiency has been reported to be in the range of 10 to 30%. Among 
the different complexing agents used, glycine was found to result in the highest 
concentration of rare earth elements in the deposit. The concentration of glycine also has 
a significant impact on the deposit composition. Low glycine content in the electrolyte 
(0.1 M) yielded high rare earth content (~40 atomic %) in the deposit, but the electrolyte 
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became unstable. At an electrolyte composition of 0.36 M glycine, the electrolyte was 
stable but the gadolinium content was reduced to ~5 atomic %.    
Pawar et al. [2.14, 2.15] deposited Dy-Ba-Cu oxide alloys from aqueous electrolytes 
on fluorine doped tin oxide (FTO) coated MgO substrate. The alloy is of interest for high 
temperature superconductivity applications. The use of any complexing agent or 
buffering agent has not been reported. The composition of the bath was 100 mM 
dysprosium and barium nitrate and 60 mM copper nitrate. The composition of the deposit 
has been reported to be in the stoichiometric ratio of 1:2:3. The deposit concentration was 
not stoichiometrically representative of the solution and this presents yet another 
challenge to optimize the bath composition to get the desired deposit concentrations.  
Lim, et al. [2.10] deposited Fe-Tb-O films from an aqueous bath on a copper 
substrate using ac current at low frequency (6 mHz to 0.3 Hz). Fe-Tb alloy is of interest 
because of its excellent magnetostrictive properties. Sodium-potassium tartrate, 
KNaCB4BH B4BO B6B, was used as the complexing agent in the electrolyte. The Tb content in the 
film was found to be a function of the tartrate composition in the bath. At a concentration 
of 283.47 mM tartrate the composition of Tb in the deposited film was at a maximum of 
29 atomic %. X-ray photo electron spectroscopy analysis showed the film containing the 
lower percentage of terbium content had a significant amount of iron oxide whereas the 
film containing a relatively large percentage of terbium showed an insignificant peak for 
iron oxide [2.16]. It was concluded that the deposition of terbium took place as an oxide 
through electrochemical oxidation during the anodic part of the ac applied current. S 
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Gong and Podlaha [2.8] deposited Fe-Tb alloy from an aqueous electrolyte 
containing 20:1 Tb to Fe ratio in the bath with sodium citrate as complexing agent onto a 
copper substrate. The terbium concentration in the deposit was in the range of 6-30 
weight % (2-13 atomic %) in spite of a very high concentration of terbium ion in the 
electrolyte. The partial current density of terbium was quite low as compared to iron. A 
Hull cell was used to characterize the electrochemical behavior. The Hull cell is designed 
to have a range of current distributed over the surface of the working electrode rather 
than a uniform current and provides a means for quickly assessing the effect of current 
density on composition and thickness of the electrodeposit. The film thickness of the 
deposit was found to be a function of time at short times (less than 2 hr) and independent 
of deposit time at long times (greater than 4 hr). The composition of the deposit was 
independent of the deposition time. Furthermore, the deposition behavior of the alloy 
differed from the behavior of either elements Tb and Fe. When Fe was eliminated from 
the electrolyte, then Tb did not deposit.  They suggested that this was another example of 
induced codeposition, common to molybdenum and tungsten alloys [2.17-2.21]. Their 
work demonstrated that the critical feature for deposition was not the choice of 
complexing agent but the use of the transition metal to induce the deposition of the rare 
earth.   
2.1.2 Organic Electrolytes 
The use of organic electrolytes is one strategy to eliminate the water reduction side 
reaction in aqueous-based solutions. However, the conductivity of the solution and 
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solubility of the solutes may be sacrificed. Liu et al. [2.22] presented a review of various 
efforts to electrodeposit rare earth metals and its alloys from organic electrolytes. The 
solubility of various rare earth salts are very low in most of the organic solvents which 
leads to quicker depletion of the rare earth ions at the electrode surface, low current 
efficiency (lower than 20%) and low quality deposit. In addition, water contamination is 
often problematic. Even when experiments are conducted in a closed inert environment, 
the presence of water oxidizes the deposited rare earth metals to oxides and hydroxides. It 
has been reported [2.23] that a p-toluenesulfonate salt of europium and neodymium are 
highly soluble in most organic solvents and it is easy to dehydrate these salts. Therefore, 
these salts offer some advantage to electrodeposit the respective metals from organic 
electrolytes.   
Kumbhar and Lokhande [2.24] investigated the role of the solvent on dysprosium 
deposition from a bath containing dysprosium nitrate. Dysprosium deposition is of 
interest because of its magnetostrictive properties. Different solvents such as ethanol, 
isopropyl alcohol, acetone, dimethyl formamide (DMF) and dimethyl sulfoxide (DMSO) 
were used. Ethanol was found to be the most suitable solvent because of its higher 
conductivity and the good morphology. Deposition of dysprosium was obtained both with 
and without the use of complexing agents, such as EDTA, citric acid, tartaric acid, oxalic 
acid and sodium acetate.  Sodium acetate was found to be most satisfactory because of 
the good quality of the deposit. The deposits obtained were uniform and yellowish-gray 
films of dysprosium at room temperature. At higher temperature (above 40 P
o
PC) the deposit 
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lost its uniformity and had a charred appearance.  Similar experiments were performed by 
Kumbhar and Lokhande [2.25] on the electrodeposition of samarium.  
Sato, et al. [2.26] reported depositing Sm-Co alloy as well as samarium alone from 
their chloride salts in formamide solution on ITO, copper and gold. No complexing agent 
was used in this study and the temperature was maintained at 25 U+ U 2˚C. The deposit 
obtained at lower current density (less that 8 mA/cmP
2
P) was smooth and black in color and 
had metallic luster, whereas the deposit obtained at higher current density (above 10 
mA/cm P
2
P) had crevasses on the surface. X-ray photoelectron spectroscopy (XPS) analysis 
of a pure samarium deposit revealed an oxide formation at the surface and a metallic 
deposit within the bulk. In a pure cobalt deposit, the XPS analysis indicated the presence 
of cobalt oxide as well as cobalt within the deposit and at the surface. In the case of the 
alloy, the XPS study shows the binding energy peaks do not correspond to the metallic or 
oxide form of either metal. Instead, it has been suggested that a characteristic state such 
as an intermetallic compound might have formed. In a continuation of their work, Sato, et 
al. [2.27] performed cyclic voltammetry to analyze the behavior of the electrochemical 
reaction. Irreversible reduction waves were observed when the electrolyte contained 
either Sm P
3+
P or CoP
2+
P. The cyclic voltammogram showed just a reduction peak in both 
cases and no oxidation peak. However, when SmCo alloy deposition was analyzed (43 
mole % Sm P
3+
P) a reduction and an oxidation peak were observed, which was attributed to 
improved reversibility for alloy deposition as compared to the deposition of individual 
elements. The samarium content in the deposit increased with an increase in current 
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density. The X-ray diffraction (XRD) performed on the specimen showed no peak and 
was amorphous. Heating the deposit to 600˚C caused the deposit to re-crystallize and the 
XRD study showed peaks corresponding to cobalt oxides but no peaks corresponding to 
samarium or its oxides.  
Matsuda, et al. [2.28] electrodeposited Dy-Fe alloy from an organic bath containing 
DyClB3B and FeCl B2B in DMF electrolyte using a galvanic rectangular pulse technique. The 
pulse on time of 0.1 s and off time of 0.4 s was used in the experiments. Dysprosium-iron 
alloy is of interest because it is a component of the giant magnetostrictive Terfenol D 
alloy. The substrates in these experiments were copper or a glass plate covered with a 
conducting thin film of SnO B2B. The pulsed current technique helped achieve higher current 
efficiency and a smoother deposit. The current efficiency showed remarkable 
improvement with increased off-time and 50% current efficiency was obtained for a duty 
cycle of 0.33 or less. Dy has been shown to be preferentially deposited over Fe with 
pulsed current.   
Co-Gd films exhibit perpendicular anisotropy and is of commercial interest for a S 
Svariety of micromagnetic applications including magneto-optical recording devices. 
Zheng, et al. [2.29] utilized the high solubility of gadolinium toluenesulfonate into 
common organic solvents such as DMF, DMSO, ethylenediamine and formamide to 
electrodeposit Co-Gd alloy from organic baths. Copper was used as the substrate and the 
environment was argonated to remove any oxygen present in the system to prevent the 
oxidation of the deposited metals. Cyclic voltammetry was performed on a Pt electrode in 
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a gadolinium toluenesulfonate, (n-Bu)B4BNBFB4 Band DMF electrolyte. In a solution 
containing CoClB2B, (n-Bu) B4BNBFB4 Band DMF, there is complex formation between cobalt and 
DMF. Addition of p-toluenesulfonic acid causes the complex formation between Co P
2+
P 
and DMF to decrease. Cyclic voltammetry of a solutions containing CoClB2B, gadolinium 
toluenesulfonate,  and (n-Bu)B4BNBFB4 B+ DMF shows two anodic and two cathodic peaks 
suggesting CoP
2+
P and Gd P
3+
P are not reduced simultaneously. Also the Co P
2+
P reduction 
potential is shifted to a more positive potential. The authors suggested that the CoP
2+
P shift 
is due to the change in complexation of Co P
2+
P and DMF due to the ensuing complexation 
between Gd P
3+
P and DMF. Addition of urea as an additive into the system made the deposit 
dense and homogeneous. Usuzaka, et al. [2.30] deposited Co-Gd amorphous alloys from 
an electrolytic bath containing CoClB2 Band GdClB2B in a formamide solvent, thoroughly 
purified to remove impurities such as water. The electrochemical cell was a closed inert 
environment with indium tin oxide coated glass as the substrate. The results indicated an 
increase in Gd content in the deposit as a result of an increase in the current density or the 
use of ethylenediamine as a complexing agent. Increase in temperature, above room 
temperature, reduced the Gd content in the alloy. The deposits with high Gd content had 
a black powdery appearance. Tong et al. [2.31] used a dimethylsulfoxide solvent to 
deposit Gd-Co alloy over a copper wire. The electrochemical bath contained dehydrated 
Gd(ClO B4B) B3B + CoClB2B and DMSO. Cyclic voltammetry of the system showed two peaks, at 
-1.2 V and at -2.4 V corresponding to the reduction of Co P
2+
P and Gd P
3+
P respectively. No 
anodic peak was observed. The gadolinium content in the deposited film was found to 
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increase with increasing Gd:Co ratio in the bath and by increasing the cathodic potential 
of the working electrode. However, the change in deposit composition was greater with 
the applied potential as compared to the bath composition. The quality of the film was 
poorer at more negative potential values. Addition of 20 mM of complexing agent, 
ethylenediamine, increased the quantity of gadolinium in the deposit and improved the 
morphology of the alloy. At very high gadolinium content in the deposit, the film was 
black and powdery, and had poor quality. Also, the film morphology deteriorated at 
potentials lower than -2.7 V. The best film quality reported was at a cathode potential 
between -2.3 V to -2.7 V.    
2.1.3 Molten Salt 
An alternate approach to electrodeposit rare earth metals and its alloys has been by 
from their molten salts. The salts are made anhydrous and molten by heating to high 
temperatures. Yang, et al. [2.32] investigated the electrodeposition behavior of rare earth 
metals and alloys from their molten chlorides. The molten electrolyte in these 
experiments contained molten NaCl, KCl, and RECl B3B heated to a temperature range of 
700 to 900P
o
PC in graphite crucible, which acted as the anode. The cathodes used were, W, 
Mo, Fe, Co, Ni and Cu. The mechanism of the reduction of rare earth ions, RE(III) has 
been shown to depend upon the type of material used for the working electrode. 
Reduction of most of the RE(III) ions over W and Mo electrodes was observed to be a 
one step and reversible reaction with the exception of SmP
3+
P, Eu P
3+
P, Yb P
3+
P and Tm P
3+
P which 
reduced in two steps (ReP
3+
P/ReP
2+
P in first step and ReP
2+
P/Re in second step). 
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Liu et al. [2.9] deposited Sm-Co from molten urea-acetamide-NaBr bath with 
eutectic composition. The metal salts used in this experiment were anhydrous chlorides. 
The temperature of the bath was maintained at 343 K. Samarium deposition did not occur 
from a bath containing no cobalt salt. However, from a bath containing both cobalt and 
samarium, codeposition of the alloy occurred at potential close to -1.15 V vs. SCE. The 
samarium content in the deposit was quite high of the order of 79 weight % which 
dropped down to 8 weight % with increase in potential to -1.35 V. Tong et al. [2.33] also 
demonstrated induced codeposition of rare earth elements by iron group elements from a 
urea melt electrolyte. Liu et al. [2.34] pointed out that anions play a significant role in the 
induced codeposition of rare earth elements by iron group elements. 
Based on the literature review, drawbacks of the contemporary approaches to 
electrodeposit rare earth-transition metal alloys were recognized and the use of induced 
codeposition was identified as a viable alternative for comprehensive investigation.  
2.2 Experimental Setup 
Electrodeposition of thin films and nanowires were carried out by a typical setup as 
shown in Fig 2.1. The typical electrochemical setup consists of an electrochemical cell 
and a power supply. There are usually three electrodes in an electrochemical cell, the 
working electrode (cathode), the counter electrode (anode) and the reference electrode. 
The substrate to be deposited forms the working electrode; the counter electrode is either 
an insoluble, noble material such as platinum, or one with the same material that is being 
electrodeposited to replenish lost ions. The reference electrode is used to either maintain 
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a constant potential of the working electrode or to measure the potential under a 
galvanostatic control. The reference electrode is operated at equilibrium and no current 
flows through it from the external circuit. Thus, in order to complete the path of current 
flow, the counter electrode is required. 
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Figure 2.1 A typical electrochemical setup 
The electrochemical cell used in the study presented here consists of a typical beaker 
cell with a Teflon cover, shown schematically in Fig 2.2. The working electrode is a 
copper foil fixed in position opposing the anode by two pieces of polyetheretherketone 
(PEEK) secured by nylon screws. The lower part of the holder houses a conductive base 
where the substrate (copper foil) is placed and exposed to the electrolyte only through a 
circular recess. A platinum mesh serves as the counter electrode and a calomel electrode 
is used as the reference electrode.  
An electrolyte is an ionic media, which consists of an ionic substance dissolved in a 
solvent. Since the flow of current in an electrochemical cell occurs through the electrolyte 
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between the electrodes, an electrolyte has to be conductive. A metal salt to be deposited 
forms the electrolyte along with a suitable solvent and other additives to improve the 
desired quality of deposit. In the work presented in this chapter the electrolyte consists of 
TbClB3B/GdClB3B/SmClB3B, CoSO B4B and boric acid. Table 2.1 presents the composition of the 
electrolyte.  
RefCE 
WE 
 
Figure 2.2 Beaker type electrochemical cell used to deposit rare earth-cobalt alloys 
In Table 2.1, the pH of the electrolyte was varied between 1.2 and 3. Sulfuric acid 
was treated as a variable and the pH was concomitantly altered. In most of the results 
presented in the next chapter, the cobalt ion concentration was kept at 0.2 M and the pH 
was 2.15 unless otherwise stated. All the chemicals used were reagent grade with 
distilled, de-ionized water. The temperature of the quiescent electrolyte was kept at room 
temperature. The deposits were made under a constant potential control over a range of -
0.5 to -4 V vs. SCE. 
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Cyclic voltammetry was carried out with a platinum disk microelectrode (BASi 
Corporation) of diameter 10 µm as shown in Fig 2.3 as the working electrode. The 
advantages of using a microelectrode are enhanced mass transport, low ohmic drop and 
low capacitive charging current. All the sweeps were performed at 250 mV/s. 
 
Table 2.1 Composition of the electrolyte 
 
Ingredients Composition 
CoSOB4B·7H B2BO 0.1/0.2/0.3 M 
TbClB3B·6HB2BO      0.2 M 
Boric Acid 0.5 M 
pH 1.2-3 
       
 
 
 
 
 
 
 
Figure 2.3  Microelectrode used for cyclic voltammetry 
The potential and current measurements were carried out with a Solartron 
potentiostat/galvanostat/FRA using CorrWare and Zplot. The composition of the alloy 
was analyzed by X-ray fluorescence spectroscopy (XRF). The XRF analysis was 
performed at atmospheric pressure in presence of air. The X-ray filament energy was 
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maintained at 50 KeV and the current was set at 1.6 mA. The signal acquisition time was 
100 s. Current efficiency calculations are based on mass measurements and calculated 
thickness from XRF.  
The X-ray photoelectron spectroscopy was performed by an external consulting 
company, Evans Texas. The surface of the film was sputtered using a 4 KeV Ar* ion 
beam to remove 200 ˚A of the surface film. Analysis of the film was done before and 
after sputtering. 
The ohmic drop was determined by electrochemical impedance spectroscopy (EIS) 
keeping potential constant at various values between -1 to -3 V vs. SCE and sweeping the 
frequency from 1 MHz to 1 Hz. Fig 2.4 shows the EIS result for CoTb electrodeposition 
at a potential of -2 V. In this example the ohmic resistance was 22 ohm. The ohmic 
resistance was found to be in the range of 18 to 22 ohm for all samples.   
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Figure 2.4 EIS of CoTb electrodeposition at -2 V vs. SCE on copper foil 
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2.3 Results and Discussion 
In this chapter, the results on electrodeposition of rare earth-cobalt alloy 
electrodeposition are presented. In spite of the challenges involving the electrodeposition 
of rare earth elements from an aqueous electrolyte, conditions were determined where 
cobalt-terbium, cobalt-gadolinium and cobal-samarium codeposits. The alloys were 
electrodeposited without the assistance of any complexing agents under a quiescent 
condition. A microelectrode was used to probe the deposition behavior with cyclic 
voltammetry. Main findings of these experiments are summarized and discussed. 
2.3.1 Macro-electrode Analysis 
Fig 2.5 shows the steady state polarization curve and the partial current densities of 
cobalt, terbium and side reactions. An interacting codeposition behavior was observed in 
electrodeposition of cobalt-terbium. Terbium deposition starts at potential of -1.2 V vs. 
SCE, which is a positive shift of the reduction potential of terbium from its equilibrium 
value. Since no complexing agents have been used in the electrolyte, the 
electrodeposition of terbium at a potential positive to the equilibrium reduction potential 
is believed to be brought about by the catalytic action of cobalt similar to the induced 
codeposition mechanism observed in molybdenum and tungsten. At the same potential 
where the deposition of terbium occurs there is a simultaneous inhibition of the cobalt 
partial current density and side reaction partial current density. The deposition of terbium 
inhibits the deposition of more noble cobalt similar to the anomalous codeposition 
behavior [2.35-2.37]. 
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Figure 2.5  Partial current densities of cobalt, terbium and side reactions during alloy 
electrodeposition, at pH 2.15, 0.2 M CoP
2+
P and corrected for ohmic drop: 
⎯♦⎯ total current density, --■-- cobalt partial current density, --▲-- 
terbium partial current density, --●—side reaction partial current density 
 
Fig 2.6 shows the effect of potential and cobalt ion concentration on the composition 
of the deposited cobalt-terbium alloy. At potentials positive to -1.2 V vs. SCE, the deposit 
obtained was pure cobalt. Lowering the potential below -1.2 V vs. SCE, cobalt-terbium 
alloy electrodeposition occurred. The terbium content in the deposit was quite high and 
reached 90 weight % at potentials lower than -3 V vs. SCE in the 0.2 M cobalt ion 
electrolyte. Reducing the cobalt ion concentration reduced the terbium content and 
increased the cobalt content in the deposit. Since cobalt deposition is a first order 
reaction, a reduction in cobalt ion concentration in the electrolyte should typically reduce 
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the cobalt content and increase the terbium content in the deposit. The anomaly seen here 
further shows the interacting codeposition behavior in cobalt-terbium. In the next set of 
experiments, the concentration of cobalt in the electrolyte was increased to 0.3 M keeping 
the terbium concentration unchanged. The increase in cobalt ion concentration to 0.3 M 
also decreased the terbium content in the alloy. 
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Figure 2.6 Composition of the deposited alloy at pH 2.15: ⎯●⎯ 0.3 M CoP
2+
P, --▲--  0.2 
M CoP
2+
P, …■… 0.1 M Co P
2+
P
 
 
Clearly, equimolar concentrations of cobalt and terbium results in the highest 
terbium content in the deposit. At lower concentrations of cobalt, there is not enough 
cobalt to catalyze the deposition of terbium and terbium deposition rate drops more than 
the cobalt deposition rate. Alternatively, increasing the cobalt concentration leaves excess 
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free cobalt in the electrolyte, which in turn increases the deposition rate of cobalt and 
reduces the terbium content in the deposit.  
Fig 2.7 shows the reproducibility of data for electrolytes with 0.3, 0.2 and 0.1 M 
concentration of CoP
2+
P respectively, at an applied potential of -3 V. Multiple samples were 
deposited and their mean composition determined. The error bars represent the standard 
deviation of the composition measurement. The electrolytes with 0.3 and 0.2 M CoP
2+
P 
concentration showed smaller variability as compared to the 0.1 M Co P
2+
P concentration 
electrolyte. Higher variation in composition in 0.1 M CoP
2+
P electrolyte is believed to be 
due to the very small film thickness of the deposits prepared from this electrolyte and the 
limitation of the XRF to make a precise analysis of the composition of very thin films of 
the order of 50 nm. 
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(a) 
Figure 2.7  Deposit composition reproducibility for (a) 0.3 M Co (II), (b) 0.2 M Co (II) 
and (c) 0.1 M Co (II) electrolyte at an applied potential of -3 V vs. SCE (fig. 
cont’d.) 
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Figure 2.8   Partial current densities of (a) total (b) cobalt (c) terbium and (d) side 
reaction at pH 2.15: ⎯●⎯ 0.3 M Co P
2+
P, --▲--  0.2 M CoP
2+
P, …■… 0.1 M 
CoP
2+ 
P(fig. cont’d.) 
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Fig 2.8 (a,b,c,d) shows the effect of the cobalt ion concentration in the electrolyte 
on the total current density (Fig 2.8a) and partial current densities of cobalt (Fig 2.8b), 
terbium (Fig 2.8c) and side reaction (Fig 2.8d) of the deposited alloy. The total current 
and the cobalt partial current increases with the increase of cobalt ion concentration in the 
electrolyte as expected, since it has been reported that cobalt reduction is a first order 
reaction [2.36]. But at the same time terbium partial current density also increases 
between 0.1 M and 0.2 M Co P
2+
P. The increase in terbium partial current density has been 
induced by the additional cobalt ion in the electrolyte suggesting that the cobalt-terbium 
deposition mechanism may be similar to the well known induced codeposition 
mechanism of iron-group molybdenum or tungsten deposition [2.17, 2.18, 2.21]. 
Increasing the concentration of CoP
2+
P to 0.3 M does not increase the partial current density 
of Tb P
3+
P any further, suggesting a maximum rate of rare earth deposition attained at an 
equimolar concentration of Co P
2+
P and Tb P
3+
P. 
In an aqueous solution at low pH, the side reactions significantly lower the current 
efficiency. Fig 2.9 shows the current efficiency data. The current efficiency for the 
equimolar cobalt and terbium ion electrolyte was quite high of the order of 70% at 
potentials as low as -3 V vs. SCE. Such high current efficiency is the result of the side 
reaction inhibition due to terbium deposition as shown in Fig 2.5(d). Decreasing the 
cobalt ion concentration in the electrolyte significantly reduced the current efficiency. 
Consistent with Fig 2.8, both the cobalt and terbium partial current densities decrease 
with a lower cobalt ion concentration, contributing to the lower current efficiency. 
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Figure 2.9 Current efficiency at pH 2.15: ⎯●⎯ 0.3 M Co P
2+
P, --▲--  0.2 M CoP
2+
P, …■… 
0.1 M Co P
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P
 
The interacting codeposition behavior observed in rare earth-transition metal alloy 
deposition is not limited to cobalt terbium but was also observed in cobalt-gadolinium 
and cobalt samarium Fig 2.10 shows the rare earth partial current densities and cobalt 
partial current densities in cobalt-terbium, cobalt-gadolinium and cobalt-samarium alloy 
deposition. Similar to terbium, the deposition of gadolinium and samarium starts at a 
potential of about -1.2 V vs. SCE as shown in Fig 2.10 (a). Also, in all these three alloy 
deposition, the cobalt deposition is inhibited once the rare earth deposition starts as 
shown in Fig 2.10 (b). The difference, however, is the deposition rate among the rare 
earth elements. The partial current density of terbium is the largest and that of samarium 
is the smallest among the three rare earth elements investigated here.   
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Figure 2.10 Comparison of (a) rare earth partial current density and (b) cobalt partial 
current density in cobalt-terbium, cobalt-gadolinium and cobalt-samarium 
electrodeposition: --∆--  TbCo, …x… GdCo, ⎯o⎯ SmCo 
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Figure 2.11 shows the rare earth content in cobalt-terbium, cobalt-gadolinium and 
cobalt-samarium alloys deposited under identical conditions. The rare earth content in the 
cobalt terbium alloy is the highest and cobalt-samarium alloy is the lowest. This is in 
agreement with Fig 2.10 (a), which shows highest rare earth current density in cobalt 
terbium and lowest rare earth current density in cobalt samarium. 
Fig 2.12 shows the current efficiencies in the three rare earth-cobalt alloys. The 
current efficiency in terbium cobalt deposition is the highest and that in the samarium 
cobalt deposition is the lowest. 
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Figure 2.11 Comparison of rare earth content in cobalt-terbium, cobalt-gadolinium and 
cobalt-samarium electrodeposition: --∆--  TbCo, …x… GdCo, ⎯o⎯ SmCo 
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Figure 2.12 Comparison of current efficiency in cobalt-terbium, cobalt-gadolinium and 
cobalt-samarium electrodeposition: --∆--  TbCo, …x… GdCo, ⎯o⎯ SmCo 
 
Fig 2.13 shows a representative example of some of the current transients obtained 
during the electrodeposition of the cobalt terbium alloy. At an applied potential of -1.5 V 
vs. SCE, (uncorrected for ohmic drop) the transient reaches steady state within 5 s, and 
the deposit is pure cobalt. Lowering the potential to -1.6 V vs. SCE, there is a long 
transient time before steady state is reached. Initially pure cobalt is deposited for 90 s and 
when a drop in current is observed, the cobalt terbium alloy deposition starts. As the 
applied potential is lowered more than -3.5 V vs. SCE, the transient steady state is 
reached after 50 s. With increasing time, it can be seen in Fig 2.13, that the cobalt content 
of the deposit decreases. 
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Figure 2.13 Transient current responses for various applied potentials 
 
From Fig 2.13, it is obvious that the composition of the deposit is not uniform and a 
gradient in composition exists along the thickness of the film. To further investigate this 
effect, deposits with variable film thickness was deposited and the average composition 
of the deposits was investigated. Fig 2.14 shows the effect of charge used in 
electrodeposition on composition of the deposit with 0.2 M CoP
2+
P concentration electrolyte 
at pH 2.15. As the charge used i.e. the film thickness is increased, the cobalt 
concentration decreases in the film consistent with the result in Fig 2.13. 
 
-1.5V -1.6V 
22% cobalt 78% 
terbium 
16% cobalt 84% 
terbium 
13% cobalt 
87% terbium 
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Fig 6 Effect of charge on composition of the deposit at 
pH 2.15, 0.2 M Co P
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Figure 2.14 Effect of charge on alloy composition with electrolyte pH 2.15 at 0.2 M 
CoP
2+
P: --■--   cobalt, ⎯●⎯  terbium 
 
The pH has a significant role in the electrodeposition of the cobalt-terbium alloy. The 
natural pH of the freshly prepared electrolyte was close to 3. An increase in the pH of the 
electrolyte is not possible because of the precipitation of the electrolyte. At the same 
time, reducing the pH below 1.2 with sulfuric acid resulted in pure cobalt deposition as 
shown in Fig 2.15. A very narrow window of pH exists where cobalt and terbium can be 
codeposited.   
 
 37
  
 
 
 
 
 
 
 
 
 
 
 
0
10
20
30
40
50
60
70
80
90
0 0.5 1 1.5 2 2.5 3
pH
W
e
ig
h
t%
 T
b
Cobalt 
deposition 
Cobalt terbium 
deposition
Electrolyte 
unstable 
Figure 2.15 Effect of pH on alloy composition at 0.2 M Co P
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P, and applied potential -3 V 
(uncorrected for ohmic drop) 
 
2.3.2 Microelectrode Analysis 
In order to analyze the deposition behavior of the alloy, cyclic voltammetry was 
performed using a platinum disc microelectrode. The platinum microdisc was coated with 
cobalt before performing cyclic voltammetry. Fig 2.16 shows the voltammograms for 
cobalt and cobalt-terbium alloy deposition at a scan rate of 250 mV/s. For an electrolyte 
of composition 0.2 M CoP
2+
P/ 0.5 M boric acid at pH 2.15, the voltammogram is always in 
the kinetic control region as shown in Fig 2.16 (a). Adding 0.2 M Tb P
3+
P to the electrolyte 
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and maintaining constant pH, two reduction peaks are observed in the forward scan and a 
reduction peak is observed in the reverse scan as shown in Fig 2.16 (b). The first peak 
corresponds to cobalt reduction and the second peak corresponds to terbium reduction. 
Examining Fig 2.16 (a) and 2.16 (b), the occurrence of the cobalt peak in Fig 2.16 (b) is 
consistent with the inhibition effect of terbium.  
The reduction peak in the reverse scan may be associated with the reduction of 
cobalt.  As shown in Fig 2.5, the potential range of -0.6 to -1.2 V vs. SCE favors cobalt 
deposition and cobalt-terbium alloy deposition is favored at potentials below -1.2 V vs. 
SCE. In the reverse scan at potential approaching -1.2 V, the cobalt inhibition is partially 
recovered, resulting in the reduction peak.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.16  Cyclic voltammogram for (a) 0.2M CoP
2+
P/0.5M boric acid electrolyte (b) 
0.2M CoP
2+
P/0.2M Tb P
3+
P/0.5M boric acid electrolyte, pH 2.15 (fig. cont’d.) 
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Cyclic voltammetry results of the side reaction are shown in Fig 2.17. For an 
electrolyte of composition 0.5 M boric acid at pH 2.15 with no salts present, the cyclic 
voltammogram is shown in Fig 2.17 (a). No peaks were observed in the voltammogram 
showing that the current is in the kinetic control region. Upon adding 0.2 M Tb P
3+
P to the 
electrolyte and maintaining constant pH, two peaks are observed in the forward scan and 
no peaks are observed in the reverse scan as shown in Fig 2.17 (b). Both peaks 
correspond to side reactions. Thus by adding Tb P
3+
P to the electrolyte, the side reaction is 
inhibited.  
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Figure 2.17 Cyclic voltammogram for (a) 0.5 M boric acid electrolyte (b) 0.2 M Tb P
3+
P/0.5 
M boric acid electrolyte, pH 2 
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Fig 2.18 shows the X-ray photoelectron spectroscopy (XPS) result of an alloy 
deposited at an applied potential of -3.5V vs. SCE. The surface was sputtered to remove 
20 nm of the film, eliminating surface impurities. The XPS results showed the presence 
of terbium with oxidation states of +3 and +4. Elemental terbium did not exist at the point 
of analysis. Cobalt was present with both oxidation states of 0 and +2. The terbium 
weight percent was 95.6 weight %. The X-ray fluorescence spectroscopy (XRF) analysis 
for the deposit prepared under similar conditions was 91.3 weight % terbium. The slight 
difference in the terbium content shown by the two methods is because of the different 
analysis techniques. The XRF measures the average composition of the bulk of the 
deposit throughout the film thickness, while the XPS measures the composition just at the 
selected point. Although XPS did not show the existence of elemental terbium, it can not 
be ruled out that the complete reduction of terbium might have occurred. Terbium readily 
oxidizes in air. Thus, it is expected that the terbium content in the deposit would have 
oxidized after deposition.  
2.4 Summary 
In this study, the electrodeposition of cobalt rare earth alloys from an aqueous 
electrolyte was analyzed. Unlike previous literature reports, no complexing agent was 
used in the electrolyte. The results suggest that the deposition mechanism of the cobalt 
and terbium are coupled: terbium reduction was induced by the cobalt ion in the 
electrolyte similar to the induced codeposition mechanism; and cobalt was inhibited by 
the presence of terbium similar to anomalous codeposition. Further, the interacting 
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deposition mechanism is not limited to cobalt terbium alloy but was shown to occur in all 
the three cobalt-rare earth alloy depositions analyzed in this work. The rate of deposition 
of terbium was found to be highest among the three rare earth elements investigated and 
the rate of samarium deposition was the lowest. Further, pH of the electrolyte played an 
important role in rare earth electrodeposition. The deposited thin films did not have 
uniform composition but a gradient in composition existed along the thickness of the 
films. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
.
     
Tb peak 
Figure 2.18 XPS result of cobalt terbium alloy prepared at applied potential -3.5 V vs. 
SCE and after 20nm surface sputter 
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CHAPTER III. TEMPLATE DEPOSITION OF RARE EARTH-CO ALLOYSTP
†
PT 
3.1 Literature Review 
3.1.1 Introduction to Template Deposition 
Template based deposition for the fabrication of nanostructures such as nanowires 
and nanotubes has been extensively reported for metals [3.1-3.5]， alloys [3.6-3.9] and 
semiconductors [3.10-3.12]. The technique, pioneered by Possin [3.13] in tin nanowire 
deposition using track etched mica film, involves deposition inside porous templates. 
Since the inception of this technique, the interest in fabrication of nanowires has 
increased significantly, partly due to the new properties offered by these one dimensional 
structures.  Nanowires offer advantages over their bulk counterparts in magnetic, 
magneto-optical, electronic and optoelectronic sensing applications.  
Various types of templates have been used for nanowire deposition, however, 
alumina and polycarbonate membranes are by far the most commonly used. Alumina 
membranes have regular hexagonal pore distribution whereas track etch membranes have 
random pore distribution [3.14]. There is also a large difference in the pore spacing and 
pore depth between alumina and polycarbonate membranes. Alumina membranes offer 
deeper (60 µm) and denser pores (porosity 0.5) as compared to polycarbonate membranes 
with pore depth of 6 µm and porosity of 0.1. 
                                                 
TP
†
PT Reproduced by permission of The Electrochemical Society. 
 48
The alumina membranes are formed by anodizing aluminum using a two step 
anodization process [3.15]. The process involves anodization of annealed and degreased 
aluminum plate in 0.3 M oxalic acid solution at 40 V for 4 h. The anodic oxide layer from 
the first anodization step is removed in a mixture of phosphoric acid (6 wt %) and 
chromic acid (1.5 wt %) solution at 60 °C for 6 h and the textured aluminum plate is 
anodized again for 8-12 h under the same conditions as for the first anodizing. The 
widening of the pore diameter can be achieved by immersing the substrates in 5 wt % 
phosphoric acid for different times. The remaining aluminum layer is removed in a 
CuClB2B-HCl solution and the membrane that is left behind is cleaned with distilled water. 
Polycarbonate track etched membranes are created by bombarding a polymer sheet 
with ionic particles making damaged tracks [3.16]. Each ion makes cylindrical damage 
zones in the polymer film with the damage diameter of few nanometers. Chemical 
etching is performed to remove the damaged material. The final size and geometry of the 
pores is determined by the composition of the etching solution, temperature and etching 
time. 
Many different deposition techniques including electrodeposition [3.13], electroless 
deposition [3.17], hydrothermal process [3.18], chemical polymerization [3.19], sol-gel 
deposition [3.20] and chemical vapor deposition [3.21] have used template based 
deposition to fabricate nanowires and nanotubes. However, electrodeposition is by far the 
most versatile process allowing the deposition of a large number of metals, alloys, 
semiconductors and polymers, which is unimaginable by most of the other processes. 
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Unlike most other techniques electrodeposition employs mild deposition conditions such 
as having a temperature close to room temperature and pressure at atmospheric 
conditions. Electrodeposition is also a low cost process. The most important aspect of 
electrodeposition however, is that its bottom up fill approach. In other processes such as 
electroless deposition and chemical vapor deposition, the deposition occurs on the 
template surface which can cause incomplete filling of the pores due to pore blockage.  
An outline of nanowire fabrication using the electrodeposition technique is shown in 
Fig 3.1. First of all, a thin gold layer is sputtered onto the alumina and polycarbonate 
membranes to render them conductive. Next, the template with a conducting gold 
substrate is used as a cathode in an electrochemical cell, exposing the unsputtered face of 
the membrane to the electrolyte for electrodeposition. Since only the gold base at the 
bottom of the pores provide a conductive surface for electrodeposition, a bottom up fill 
inside the pores is achieved.  
Gold Sputtering 
Electrodeposition 
Membrane Dissolution 
Alumina/polycarbonate track itched 
membrane 
Cleaning and Drying 
 
Figure 3.1 Outline of nanowire deposition process using template based deposition 
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3.1.2 Electrochemical Aspect of Template Deposition 
A typical current response in the electrodeposition of nanowires in porous 
membranes is shown in Fig 3.2. At short times, double layer charging causes a large 
current response, which decays very fast to a steady Faradaic current. Finally as the wires 
start to overgrow from the pores, a mushroom shaped cap is formed resulting in an 
increase in electrode area and hence the current density. The increase in current density is 
used as an end point marker during electrodeposition. 
 
 
 
 
 
 
 
i 
t 
Figure 3.2 Typical current transient response for template deposition 
 
Electrodeposition in nanoporous membranes under diffusion controlled conditions 
and with ideal single metal deposition has been studied comprehensively, but few studies 
have addressed the response that occurs in alloy deposition when there is a mix of 
diffusion and kinetic control.  Analytical expressions for diffusion controlled 
electrodeposition in recessed microelectrodes have been extended to nanoporous 
membrane electrodes [3.22, 3.23]. A qualitative study of boundary layer growth shows 
 51
three distinct stages [3.23] as shown in Fig 3.3. At shorter times the boundary layer is 
small and is inside the pores as shown in Fig 3.3 (a). The diffusion in this stage is linear, 
characteristic of the Cottrell equation, as shown by the region I of i vs. tP
-1/2
P plot in Fig 3.4. 
At larger times, the boundary layer extends outside the pores as shown in Fig 3.3 (b). In 
this stage, hemispherical boundary layer is formed outside the pores resulting in linear 
diffusion inside the pores and radial diffusion outside the pores. This radial diffusion 
regime is characterized by region II in Fig 3.4, represented by a straight line with non 
zero intercept. Soon, the hemispherical boundary layers overlap and subsequently, the 
linear diffusion regime take over once again as shown in Fig 3.3 (c). This stage is 
represented by line passing through origin in region III of Fig 3.4.  
 
 
 
 
 
(c) (b) (a) 
Figure 3.3 Boundary layer in recessed nanoelectrodes at (a) short time (b) intermediate 
time (c) long time 
 
3.1.3 Fabrication of Nanotubes 
Fabrication of nanotubes although similar to electrodeposition of nanowires requires 
a different set of conditions to facilitate hollow tubular formation. Various approaches 
have been used for nanotube fabrication including pore wall modification through the use 
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of templates with anionic functional group pore walls, selective etching and the use of 
low current efficiency electrolytes. Various metals, alloys and semiconductor nanotubes 
fabrication have been reported with a variety of unique properties. 
 
 
 
 
 
 
 
 
 
III 
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Figure 3.4 Current density vs. tP
-1/2
P showing the three different mass transport regimes  
 
The pore wall modification technique is a popularly used process to fabricate 
metallic nanotubes by electrodeposition. Brumlik and Martin [3.24] deposited gold 
nanotubes using a molecular anchor method. An organocyanide, (2-cyanoethyl) 
triethoxysilane, was used as the molecular anchor, which helped to bind the 
electrochemically deposited gold onto the pore wall of the alumina membrane. Bao et al. 
[3.25, 3.26] used a similar technique to deposit cobalt into alumina templates.  Prior to 
electrodeposition, the alumina template was sonicated in 1 % v/v methyl-c- 
diethylenetriaminopropyl-dimethoxysilane in anhydrous nonane for 1 minute and then 
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heated in a nitrogen environment for 12 hours at 100゜C. The modifying agent has multi-
amino groups. The strong affinity of the amino groups for cobalt ions causes the pore 
wall of the template to be lined with cobalt ions resulting in a favorable deposition along 
the walls. Bao et al. demonstrated that using unmodified templates under the same 
electrodeposition conditions results in the formation of solid filled wires. Their magnetic 
measurements showed an easy magnetization direction of the nanotubes perpendicular to 
the wire axis and the nanowires did not have distinguishable easy magnetization 
direction.  
The anionic charge on the pore walls of polycarbonate templates was also used in the 
fabrication of vanadium pentoxide nanotubes [3.27]. Vanadium pentoxide is widely used 
in energy storage devices such as lithium batteries. Wang et al. fabricated V B2BO B5B 
nanotubes by electrodeposition into polycarbonate membrane. Due to the anionic static 
charges on pore walls of polycarbonate membrane VO P
2+
P preferentially adhered to the 
wall causing tube formation. Tube formation was observed at lower potential and shorted 
deposition times and at larger potential and longer deposition times, the deposit was 
nanowire. Similar approach has been used to fabricate the nanotubes of conductive 
polymers such as polypyrrole and polyanaline [3.16]. The polymers are synthesized from 
monomers inside the pores of polycarbonate template by electrochemical deposition. The 
monomers are soluble in the electrolyte but the polymers are not, thus resulting in 
nucleation at the pore walls. The reason behind the preferential nucleation along the pore 
walls is due to the anionic sites on the pore walls and the cationic charge on the polymers. 
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Selective etching of the nanowire core is also a commonly used approach to fabricate 
nanotubes. Sander et al. [3.28] used a double templating approach to deposit gold 
nanotubes. First, Ni nanowires were electrodeposited using anodized alumina templates. 
Next the alumina is dissolved away using dilute KOH solution leaving behind free 
standing Ni nanowires. Conformal gold electrodeposition is carried out over the Ni 
nanowires and the nickel is selectively dissolved leaving behind gold nanotubes. The top 
of the Ni nanowires is anodized while alumina is still in place. This prevents any gold 
deposition at the anodized ends and helps to fabricate open ended gold nanotubes. 
Without the anodization of nickel nanowire tops, closed end nanotubes are formed. 
Similar selective etching approach was used in the fabrication of ZnS [3.29] and CdS 
[3.30] nanotubes. ZnS nanotubes were fabricated by first depositing ZnO nanowires, 
which were then made to react with H B2BS to form a ZnS layer on the nanowires. Next 
taking advantage of the difference in etch rate of ZnO and ZnS, the ZnO core was etched 
out leaving behind ZnS nanotubes.  
An alternative approach to nanotube electrodeposition of Ni [3.1] and CoNiCu [3.31] 
has been reported in polycarbonate membranes as a case of incomplete filling of the 
pores due to hydrogen bubbles created in low pH and low efficiency electrolytes. Davis 
and Podlaha [3.1] first reported the effect of side reactions on tube formation and 
suggested that hydrogen bubbles formed by the side reaction plays a pivotal role in 
nanotube formation.  Xu et al. [3.32] reached a similar conclusion in electrodeposition of 
cobalt and cobalt-phosphorous nanowires and nanotubes. The deposition of pure cobalt 
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from an electrolyte containing 50 g/L cobalt sulfate and 30 g/liter boric acid resulted in 
nanowire morphology. By adding 5 g/liter of sodium hypophosphite to the electrolyte in 
order to codeposit phosphorous, a mixture of nanowires and nanotubes were observed 
under similar deposition conditions, suggesting the role of enhanced side reaction with 
phosphorous codeposition on tube formation. 
3.1.4 Applications of Nanowires and Nanotubes 
The nanoscale size and the one dimensional shape of the nanowires and nanotubes 
make these structures suitable for a number of applications such as gas sensing [3.33-
3.36], battery [3.37], fuel cells [3.38] and magnetic storage[3.39, 3.40]. Nanowire arrays 
of ZnO [3.35] and SnO B2 B[3.41, 3.42] have been used to sense hydrogen, carbon 
monoxide, methanol, ethanol, propanol and acetone. Nanowire architecture of these 
materials are especially helpful since it provides a larger specific area for gas adsorption 
and the 1D structure makes it possible to monitor the change in electrical resistance 
across the ends of the wires due to gas adsorption. Fabrication of nanowires and 
nanotubes of these materials is a significant progress towards the development of micro 
and nanodevices. Nanowires and nanotubes have also been used in battery and fuel cell 
applications to improve their performance. The incorporation of Pd nanotubes on the 
negative electrode of nickel metal hydride battery [3.37] and vanadium pentoxide 
nanotubes in lithium ion batteries [3.38] showed enhancement of the potential and 
capacity.  
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Fabrication and characterization of ferromagnetic nanowires of cobalt [3.4], iron 
[3.43], nickel [3.2] and their alloys [3.6-3.9] have captured much attention recently 
because of their unique properties. The one dimensional nanowire architecture enables 
the control of an easy magnetization direction, coercivity, saturation field, remnant 
magnetization, and curie temperature by changing the wire diameter and aspect ratio; 
thus making the properties of the nanowires tunable for specific applications [3.44]. 
Magnetic nanostructures may have practical application in magnetic storage [3.39]. The 
use of magnetic nanostructures can increase the magnetic storage density by a factor of 
100 over the superparamagnetic limit [3.40]. Nanoscale patterned arrays have been 
suggested as recording media to achieve recording density of more than 100 Gbits/inP
2
P 
[3.45, 3.46]. A periodic array of ferromagnetic nanostructures can be used in the 
fabrication of high-density magnetic storage devices [3.47].  
A multilayered structure in nanowires provides an additional degree of freedom in 
terms of the thickness of the individual layers and thus better control over the magnetic 
properties of the nanowires. For example, in sputtered Gd/FeCo and Gd/Fe multilayered 
thin films, the magnetic anisotropy and hence the magneto-optical property of rare earth-
transition metal alloys was enhanced thus making them suitable for magneto-optical 
storage applications [3.48]. 
In this study, rare earth-cobalt nanowires and nanotubes are electrodeposited from an 
aqueous bath using porous alumina and polycarbonate templates. The role of deposition 
conditions on deposit morphology and composition was investigated. The objective of 
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this study is to fabricate high aspect ratio nanostructures of rare earth-transition metal 
alloys suitable for sensing and storage applications.  
3.2 Experimental Setup 
Electrodeposition of cobalt gadolinium alloys was carried out in a typical three 
electrode setup. Anodized alumina and nuclear track etched polycarbonate membranes 
sputtered with gold film was used as working electrodes. Alumina membranes offer 
higher pore density of the order of 10 P
9
P cm P
-2
P and larger pore depth of the order of 60 µm as 
compared polycarbonate membranes with pore density of 3x10P
8
P cm P
-2
P and a pore depth of 
6 µm.  The gold surface was kept in contact with a copper plate held inside a PEEK 
holder and a circular area of 10 mm diameter was exposed to the electrolyte for 
electrodeposition. A square platinum mesh counter electrode was placed above the 
working electrode at a distance of about 2 cm. Both the working electrode and the 
counter electrode were held horizontal in the electrolyte. A standard calomel reference 
electrode was used to control the potential at the working electrode. The reaction vessel 
was a 500 ml beaker covered with Teflon top. The electrolyte consisted of 0.2 M CoSO B4B, 
0.2 M GdClB3B, 0.5 M boric acid and 0.01 M sulfamic acid. Both the boric acid and 
sulfamic acid added in the electrolyte were meant for buffering purposes. No complexing 
agent was used in the electrolyte. The natural pH of the electrolyte was 1.8±0.05. Sodium 
hydroxide was concomitantly added to increase the pH for higher pH experiments. Since 
the electrolyte was unstable above pH 3, a very narrow window of pH existed in which 
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the alloy could be codeposited. The morphological study of the deposits was performed at 
pH 1.8 and 2.15.  
Direct current and pulsed potential experiments were conducted. Fig 3.5 shows the 
sketch of potential-time curves applied in this work. Direct current deposition was carried 
out by a step in potential of -2.5 V vs. SCE as shown in Fig 3.5 (a). Pulse plating was 
carried out between -2.5 V vs. SCE and the open circuit potential, (i.e. zero current) for 
alloy deposition (Fig 3.5 (b)) and between -2.5 V and -0.85 V vs. SCE for multilayer 
deposition (Fig 3.5 (c)). The off time in alloy deposition was always maintained at 15 s. 
All reported potentials are applied potentials uncorrected for ohmic drop, because (i) the 
current and ohmic resistance was dynamic and (ii) due to the small currents the ohmic 
drop was small of the order of 50 mV.  
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Figure 3.5 Sketch of E-t curves for (a) step potential (b) pulse potential and (c) 
potential rectangular wave (fig. cont’d.) 
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The potential was controlled with a Solartron, model 1287 potentiostat. The 
composition analysis of the deposited alloy samples was performed with X-ray 
Fluorescence Spectroscopy (XRF), Kevex Omicron model. Scanning Electron 
Microscopy (SEM) of the nanowires was obtained using JEOL 840A SEM. In order to 
view the nanowires using SEM, the membrane was dissolved and the sample dried and 
mounted on a two-sided copper tape. Alumina membranes were dissolved in 1 M NaOH 
and polycarbonate membranes were dissolved in chloroform. Since the rare earth alloys 
readily oxidize in air, the freestanding deposits were coated with 40 nm of gold in order 
to reduce the charging under electron beam that occurs because of the lower conductivity 
of the oxide.  
Transmission Electron Microscopy (TEM) images of the nanowires and nanotubes 
were obtained using JEOL 100CX TEM at an accelerating voltage of 80 KV. The 
nanowires and nanotubes were dispersed into the liquid phase by dissolving the template. 
A small droplet (2 µl) of the liquid was placed onto a 3 mm diameter copper grid and the 
liquid droplet was allowed to dry, thus distributing the wires and tubes on the grid surface 
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to be viewed by the TEM. XPS analysis was performed using AXIS 165 High 
Performance Multi-Technique Surface Analysis (XPS/Auger). The cobalt-gadolinium 
deposit prepared for XPS was coated with cobalt deposited from the same electrolyte and 
the deposit was analyzed while still inside the template in order to minimize any exposure 
to air.          
3.3 Experimental Results 
Template deposition of rare earth-cobalt alloys is used to fabricate nanostructured 
materials such as nanotubes, nanowires and high aspect ratio nanostructures. A typical 
current transient response for CoGd alloy deposition in a 200 nm pore diameter 
polycarbonate template under DC deposition condition at an applied potential of -2.5 V is 
shown in Fig 3.6. The current response shows similar characteristics as discussed in Fig 
3.2, which includes a very high current at short times due to charging of the double layer 
and subsequent drop in current as the capacitive current decays and the total current 
density is contributed mostly by the Faradaic current. Template depositions in alumina 
and polycarbonate membranes were carried out, which showed some interesting behavior 
on composition and morphology and helped to further cast some light on the mechanism 
of the alloy electrodeposition. Typically alloy deposition into unmodified pore wall 
template results in solid nanowire formation but in RE-Co alloy deposition tube 
morphology was observed.  
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Figure 3.6  Current response for CoGd alloy deposition in 200 nm polycarbonate 
membrane at an applied potential of -2.5 V  
 
3.3.1 Composition 
The average composition of the deposits prepared by template deposition was 
analyzed using XRF to investigate the effect of deposition conditions on the composition 
of the deposits. Rare earth transition metal alloys were deposited in 200 nm alumina and 
polycarbonate membranes. Template based deposition introduced additional variables 
such as pore density and pore depth; and the compositional analysis in template based 
deposition helped to further identify the electrodeposition behavior in these alloys.  
Table 3.1 shows the composition of CoTb, CoGd and CoSm alloys deposited under 
DC condition at -2.5 V in 200 nm polycarbonate membrane. The composition of terbium 
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in cobalt terbium alloy is higher than gadolinium and samarium in cobalt gadolinium and 
cobalt samarium alloys.  
 
Table 3.1 Composition of rare earth-transition metal alloys deposited under DC 
condition in 200 nm polycarbonate membrane 
Alloy RE (Gd, Sm, Tb) weight % 
 
CoGd 8.05 
CoSm 7.38 
CoTb 11.19 
 
However, the concentration of rare earth elements in the alloy fabricated in 
polycarbonate membranes is significantly lower than the concentration of rare earth 
elements in thin film deposits under identical conditions. The concentration of 
gadolinium in CoGd alloy thin film deposited at applied potential of -2.5 V (charge 5 C) 
is 71 weight %.  
As discussed earlier, pulsed potential deposition was carried out in template based 
deposition in order to allow the products of the side reaction to release during the off time 
thus allowing the deposition to be carried out in deep pores. This is especially important 
for deposition in alumina membranes since the pore depth in alumina membranes is much 
deeper than the polycarbonate membranes. An increase in pore depth increases the 
diffusion path of the electrogenerated OHP
-
P and H B2B gas bubbles. A higher amount of OH P
- 
Pcan lead to deleterious hydroxide formation of the salts and in the worse case cause 
precipitation of the salts all together and block deposition. Similarly, gas bubbles can also 
shield current away from the electrode surface and block deposition locally on the 
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electrode. Pulsed deposition helps to avoid the build-up of high concentrations of OH P
-
P 
and gas bubbles within the recess near and at the electrode surface.   
Pulsed deposition of cobalt gadolinium was carried out by pulsing the potential 
between -2.5 V vs. SCE and OCP with an off time of 15 s. Fig 3.7 shows the effect of 
duty cycle on the composition of Co-Gd alloy deposits in alumina and polycarbonate 
membranes at pH 1.8. The error bars represent the standard deviation from repeated 
experiments and measurements at different regions. The duty cycles examined here were 
in the range of 0.25 to 0.8. The composition of the deposits did not show significant 
dependence on the duty cycle. However, the rare earth concentration in the deposits 
showed significant dependence on pore depth and the porosity. The deposits fabricated 
using the alumina membrane had considerably higher concentration of gadolinium than 
the polycarbonate membranes.  
Differences that exist between these two membranes are the depth of the pores (the 
alumina membrane contains pores that are ten times deeper than the polycarbonate 
membrane) and the pore density (the alumina membrane is five times more porous than 
the polycarbonate membrane). A smaller pore depth would mean a lower diffusion path 
and low pore density helps maintain a hemispherical diffusion profile outside the pores. 
These results suggest that the composition of the nanowires and nanotubes is mass 
transport dependent. Furthermore, by introducing convection in the electrolyte using 
bubbled nitrogen, the gadolinium concentration in the deposit dropped from 15 weight % 
to about 2 weight % in polycarbonate membranes and from 55 weight % to about 13 
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weight % in alumina membranes. The dependence of composition on convection is 
indicative of transport dependant deposition. 
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Figure 3.7 Effect of duty cycle on composition of cobalt gadolinium deposits prepared 
in 200 nm pore diameter alumina and polycarbonate templates. 
 
The variation of deposit composition of nanowires and nanotubes was also observed 
along the length of the deposit in the template. As the deposition continued and as the 
diffusion path was lowered due to filling up of the pores, the composition of the deposit 
changed. To demonstrate this, electron diffraction spectroscopy (EDS) was performed at 
the top and the bottom of the cobalt gadolinium nanotubes deposited using 200 nm pore 
diameter polycarbonate membranes at a duty cycle of 0.8 as shown in Fig 3.8. The EDS 
spectrums give a qualitative outlook of the composition of the deposits. The EDS 
spectrum at the top of the nanotubes has a very large cobalt peak and a small gadolinium 
peak as shown in Fig 3.8 (a). The size of the gadolinium peak increases significantly and 
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the cobalt peak is relatively small at the bottom of the nanotubes, shown in Fig 3.8 (b) 
suggesting an increase in cobalt concentration in the deposit as one goes from the bottom 
of the deposits to the top. The size of the gold peak is very small at the top of the 
nanotubes and it reflects the very thin gold coating that was deposited on the nanotubes to 
avoid charging. At the bottom of the nanotubes, the gold signal comes from the gold 
coating of the tubes and also from the thick gold substrate over which the nanotubes are 
deposited. 
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Figure 3.8 EDS spectrum of the (a) top section and (b) bottom section of cobalt 
gadolinium nanotubes deposited in 200 nm polycarbonate membrane 
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Fig 3.9 shows the transient current during the pulse deposition in alumina and 
polycarbonate membranes. The current density for the same applied potential is higher 
during the deposition in polycarbonate membrane as compared to alumina membranes. 
Higher current density in the polycarbonate membrane can be attributed to the diffusion 
limitation during electrodeposition and a difference in boundary layer thickness. The 
variation in boundary layer thickness is contributed by the difference in pore depth of the 
membranes i.e. 60 µm in alumina and 6 µm in polycarbonate. However, the ratio of 
current densities in polycarbonate and alumina membranes is smaller than the ratio of 
their pore depth of 10. The smaller ratio of current densities is believed to be due to the 
boundary layer extending beyond the pore depth so that the ratio of boundary layer 
thickness is smaller than 10.  
Fig 3.10 provides a further evidence of diffusion controlled deposition in 200 nm 
pore diameter alumina membrane. A plot of i vs. t P
-1/2
P for CoGd alloy deposition shows 
similar characteristics of the plot shown in Fig 3.4. Initially, as the capacitive current 
subsides, the plot shows a linear diffusion behavior, which is representative of stage I in 
Fig 3.4. With increasing time (or smaller tP
-1/2
P), the plot shows a mixed linear and 
hemispherical diffusion behavior similar to stage II of Fig 3.4.   
In order to identify the species under diffusion control, the cobalt and gadolinium 
concentration in the electrolyte was changed and its effect on the composition of the 
deposit was investigated. The observed difference in composition between the two 
membranes would be consistent with cobalt deposition being under diffusion control 
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since a smaller diffusion path in polycarbonate membranes favored cobalt rich 
deposition. Fig 3.11 shows the effect of changing the concentration in the electrolyte. In 
Figure 3.11 (a) the gadolinium composition of the deposit appears to be independent of 
the concentration of cobalt in the electrolyte. Alternatively, the concentration of GdP
3+
P in 
the electrolyte also did not have any influence on the composition of the deposit as well 
as shown in Fig 3.11 (b). 
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Figure 3.9 Transient current response in electrodeposition of cobalt-gadolinium alloy in 
polycarbonate and alumina membranes at a duty cycle of 0.8 
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 Figure 3.10 A Cottrell plot for CoGd alloy deposition in 200 nm alumina membrane at 
an applied potential of -2.5 V 
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Figure 3.11 Effect of (a) cobalt (b) gadolinium electrolyte concentration on the 
composition of cobalt-gadolinium deposit in 200 nm pore diameter 
polycarbonate membrane prepared by pulse deposition at an on-potential of 
-2.5 V (fig. cont’d.) 
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Since the deposit is a binary alloy and both the concentration of cobalt and 
gadolinium did not influence the composition of the deposit, the only other possibility is 
the influence of side reactions on the deposit composition. In our previous publication of 
CoTb alloy thin film deposition, we observed higher pH favoring terbium deposition. 
Considering a similar effect in CoGd deposition, it is likely that H P
+
P is in diffusion control 
and the higher diffusion of HP
+
P in polycarbonate membranes as compared to alumina 
membranes results in lower gadolinium content in the deposits from polycarbonate 
membranes. 
3.3.2 Morphology 
Figure 3.12 shows SEM micrographs of CoGd electrodeposits released from a 
polycarbonate nanoporous membrane. The deposit was fabricated at a DC potential of -
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2.5 V vs. SCE from the CoGd electrolyte at pH 2.15 using 200 nm pore diameter 
polycarbonate membrane. Under these conditions cobalt-gadolinium deposits are 
nanowires. 
 
Figure 3.12 SEM micrograph of CoGd nanowires deposited by DC deposition at -2.5 V 
using 200 nm pore diameter polycarbonate membrane 
 
The formation of solid wire morphology is what was expected in template 
deposition. However, by lowering the electrolyte pH to 1.8, the deposition inside the 
same pore diameter polycarbonate membrane at the same applied potential resulted in 
tubular deposit formation as shown in Fig 3.13. At lower electrolyte pH, higher hydrogen 
evolution reaction is expected, thus relating nanotube formation to hydrogen gas 
formation. Similar results were obtained by Fukunaka et al. [3.31] and Davis et al. [3.1] 
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in electrodeposition of transition metal nanotubes, where the electrolyte pH and the 
current efficiency played a major role in determining wire or tube formation. The 
difference, however, in this case is the incorporation of rare earth in the deposits which is 
known to enhance the hydrogen reaction kinetics significantly [49, 50] 
 
Figure 3.13 SEM micrograph of CoGd nanotubes deposited by DC deposition at -2.5 V 
using 200 nm pore diameter polycarbonate membrane 
 
Considering the role of hydrogen bubbles in nanotube formation, pulsed potential 
deposition was applied, thereby allowing the hydrogen gas formed by the side reaction to 
released during the off time. Pulsed potential deposition was carried out between -2.5 V 
vs. SCE and open circuit potential. The relaxation time was constant at 15 s and the 
deposition time was altered to fabricate deposits at different duty cycles. Fig 3.14 shows 
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an SEM micrograph of a cobalt-gadolinium deposition in 200 nm pore diameter 
polycarbonate membrane. The on time was 60 s at –2.5 V vs. SCE and the off time was 
15 s at the open circuit potential (OCP), having a duty cycle of 0.8.  
 
Figure 3.14 SEM micrograph of CoGd nanotubes deposited using 200 nm pore diameter 
polycarbonate membrane at a duty cycle of 0.8 
 
The pulsed potential deposition in a 200 nm polycarbonate membrane at a duty cycle 
of 0.8 did not transform the tubes into wires. The formation of tubes and wires by 
changing the deposition conditions is a matter of interest and there is a need to further 
investigate the effect of deposition conditions on wire and tube formation. The effect of 
pH, pore diameter, deposition time, deposited material and the duty cycle on wire and 
tube formation was investigated. 
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3.3.2.1 Effect of pH 
The role of electrolyte pH on deposit morphology was found to be critical. Fig 3.15 
shows an SEM micrograph of a cobalt-gadolinium deposition in polycarbonate and 
alumina membrane and at pH 1.8 and 2.15 using pulsed potential deposition. The on time 
was 60 s at –2.5 V vs. SCE and the off time was 15 s at the open circuit potential (OCP), 
having a duty cycle of 0.8. The SEM monographs shown in Fig 3.15 (a,b) were deposited 
in 200 nm polycarbonate membrane at pH 1.8 and 2.15, respectively and the deposits 
shown in Fig 3.15 (c,d) were deposited in 200 nm alumina membrane at pH 1.8 and 2.15, 
respectively. At pH 1.8, the deposits were mostly tubes as shown in Fig 3.15 (a,c) but 
some regions of wire deposition was also seen. Increasing the pH to 2.15 the wire 
concentration increased in the polycarbonate membrane, though similar to the DC 
condition, as shown in Fig 3.15 (b). In the alumina membrane, the wire formation is more 
pronounced, Fig 3.15 (d). Thus the effect of pulse plating was more dramatic in deeper 
alumina membranes, with a larger fraction of wires than tubes compared to the deposits 
from polycarbonate membranes. Although pH of 2.15 and 1.8 are very close, however, 
the concentration of HP
+
P was reduced to half by increasing the pH of the electrolyte from 
1.8 to 2.15 thus significantly reducing the hydrogen gas evolution. A study of the 
deposition behavior over a wider pH range is not possible since there is a very narrow 
window of pH where the alloy can be codeposited from the electrolyte. 
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 (a) 
  
(b) 
 
Figure 3.15 SEM micrograph of CoGd nanotubes deposited using 200 nm pore diameter 
polycarbonate membrane at a duty cycle of 0.8 (fig. cont’d.) 
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(c) 
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3.3.2.2 Effect of Deposit Material 
A clearer insight on the wire and tube formation was achieved by eliminating 
gadolinium chloride from the electrolyte. Fig 3.16 shows the SEM micrograph of cobalt 
nanowires deposited by pulse deposition at a duty cycle of 0.8. The low pH electrolyte 
used in previous experiments was maintained and the gadolinium ions were not present in 
the electrolyte. Despite the use of identical electrodeposition conditions as in Fig 3.15 
(a,c), the deposits were always wires in both 200 nm pore diameter polycarbonate 
membrane as shown in Fig 3.16 (a) and 200 nm pore diameter alumina membrane as 
shown in Fig 3.16 (b). This delineates the role of gadolinium incorporation in the deposit 
on nanotube formation. 
 
(a) 
Figure 3.16  SEM image of Co nanowires deposited by pulse plating at a duty cycle 0.8 
in (a) 200 nm polycarbonate membrane and (b) 200 nm alumina membrane 
(fig. cont’d.) 
 77
  
(b) 
 
The tubular morphology observed in CoGd was not just limited to CoGd but was 
also observed in Co-Tb and Co-Sm. Fig 3.17 shows the CoTb and CoSm nanotubes 
deposited using a polycarbonate template of 200 nm pore diameter at a duty cycle of 0.8.  
    
(a) (b) 
 
Figure 3.17 SEM micrograph of (a) CoTb, and (b) CoSm nanotubes deposited using 200 
nm pore diameter polycarbonate membranes at a duty cycle of 0.8 
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Thus, the tubular structure formation is favored in RE-Co alloys, and without the rare 
earth element, pure cobalt deposits under identical conditions are nanowires. Similar 
result was obtained by Xu et al. [3.32] in electrodeposition of cobalt and cobalt-
phosphorous nanowires and nanotubes. The phosphorous addition changed the 
morphology from nanowires to nanotubes.  
3.3.2.3 Effect of Pore Diameter 
In smaller pore diameter templates the deposits obtained were wires. Fig 3.18 (a) 
shows the TEM image of nanowires deposited in a 20 nm alumina membrane and Fig 
3.18 (b) shows the TEM image of a cobalt gadolinium nanowire deposited in 50 nm 
polycarbonate membranes. The dependence of the deposit morphology on pore diameter 
can be attributed to an overlap of the tube walls leading to complete filling of the pores 
and formation of solid nanowires as compared to hollow nanotubes.  
 
(a) 
Figure 3.18 TEM image of CoGd nanowires deposited by pulse plating in (a) 20 nm 
alumina and (b) 50 nm polycarbonate membrane at a duty cycle of 0.8 (fig. 
cont’d.) 
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(b) 
3.3.2.4 Effect of Deposition Time 
The deposit morphology also showed dependence on the deposition time. Increasing 
the deposition time and using 100 C of charge in deposition as compared to 40 C the 
deposits were nanowires as shown in Fig 3.19 (a). However, TEM study of the deposits 
shows both tubes and wires present in the deposit as shown in Fig 3.19 (b) and 3.19 (c). 
The SEM image presented here shows the top view of the deposits whereas the TEM 
image shown in 3. 19 (b) and Fig 3.19 (c) shows snapshots of different parts of the 
deposits. Considering Fig 3.19 (a), (b) and (c), there is the likelihood that the deposition 
starts with nanotube morphology and as the deposition continues the tube wall thickness 
increases and solid nanowires are formed towards the top. 
The sketch in Fig 3.20 summarizes the effect of deposition time on the deposit 
morphology. At short times the deposit is tube as shown in Fig 3.20 (a). After passing 
more charge tube wall thickness is believed to increase as shown in Fig 3.20 (b) and 
eventually turn into solid wires as shown in Fig 3.20 (c). 
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(a) 
(b) 
Figure 3.19 (a) SEM and (b), (c) TEM image of CoGd nanowires/tubes deposited by 
pulse plating in 200 nm alumina membrane at a duty cycle 0.8 and Q=100 C 
(fig. cont’d.) 
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 (c) 
Short Time Intermediate Time Long Time 
 
Figure 3.20 A sketch of deposition time effect on deposit morphology 
3.3.2.5 Effect of Duty Cycle 
 The potential was pulsed and the effect of duty cycle on the morphology of the 
depot was investigated. Fig 3.21 shows the morphology of cobalt gadolinium deposits in 
200 nm pore diameter polycarbonate and alumina membranes at a duty cycle of 0.25. The 
deposits prepared under both the conditions were tubes as shown in Fig 3.21 (a) and 3.21 
(b). Fig 3.21 (a,b) with Fig 3.15 (a,b) shows that the duty cycle did not have any 
influence on wire and tube formation. Tubular morphology was seen at high duty cycle of 
0.8 as shown in 3. 15 (a,b) and low duty cycle of 0.25 as shown in Fig 3.21 (a,b). 
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 (a) 
 
 
(b) 
 
Figure 3.21 SEM image of CoGd nanowires deposited by pulse plating in 200 nm (a) 
polycarbonate membrane and (b) alumina membrane at a duty cycle of 0.25 
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Compositionally modulated multilayer structures of CoGd/Co were fabricated using 
a potential rectangular wave in polycarbonate membranes. The potential was pulsed 
between -2.5 V and -0.85 V vs. SCE for the deposition of the cobalt-gadolinium alloy 
layer and the cobalt layer, respectively. SEM micrographs of multilayered deposits at two 
different alloy layer deposition times are shown in Figure 3.22. The deposition time for 
the alloy layer was 240 s in Fig 3.22 (a) and 15 s in Fig 3.22 (b). The cobalt layer 
deposition time was maintained at 60 s. In both SEM images, alternate bright and dark 
stripes representative of the cobalt-gadolinium alloy layer and the cobalt layer, 
respectively are observed. The thickness of alloy layer in Fig 3.22 (a) is considerably 
higher than in Fig 3.22 (b) suggesting a dependence of layer thickness on deposition time. 
(a) 
Co 
Co-Gd 
 
Figure 3.22  SEM image of CoGd/Co multilayer in polycarbonate membrane deposited 
by pulsing plating between -0.85 V for 60 s and -2.5 V for (a) 240 s (b) 15 s 
(fig. cont’d.) 
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(b) 
A significant aspect of this result is that through the use of a nanoporous membrane, 
the rare earth deposit can be made several microns tall with high rare earth content. In the 
literature, reports of thick rare earth deposits by electrodeposition from aqueous 
electrolytes are difficult to achieve due to catalysis of the side reaction. For example, in 
FeTb electrodeposition, the thickness of the deposit over a large current density range 
was the same whether the time of deposition was 2 or 4 hrs [3.51]. Similar results have 
been reported by Lokhande et al. [3.52] in electrodeposition of samarium where the 
maximum film thickness of the deposit obtained at room temperature was 0.2 µm.  
Fig 3.23 shows the effect of deposition time on the film thickness and Fig 3.24 shows 
the current efficiency of cobalt gadolinium film deposited over an unrecessed copper foil. 
The thickness increases with deposition time, increasing sharply at smaller times and 
eventually saturates after a long deposition time. The maximum film thickness observed 
in cobalt gadolinium alloy thin film deposition from an electrolyte containing 0.2 M 
CoSOB4B, 0.2 M GdCl B3B, 0.5 M boric acid and 0.01 M sulfamic acid at pH 1.8 was of the 
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order of 200 nm as shown in Fig 3.23. Consequently, the current efficiency drops 
exponentially with time as shown in Fig 3.24. However, under identical conditions 
several micron long deposits could be deposited in templates.  
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Figure 3.23 Thin film growth inhibition in CoGd alloy thin film deposition from 
aqueous sulfamate bath, pH 1.8 on copper foil  
3.3.3 Characterization 
Fig 3.25 (a) shows the XPS results for cobalt gadolinium nanotubes deposited in 200 
nm polycarbonate membranes and coated with excess of cobalt from the same electrolyte 
to prevent oxidation. Fig 3.25 (b) shows the high resolution scan for gadolinium 4d peak. 
The peak location suggests that gadolinium in the deposit exists both in an elemental state 
as well as oxidized state. Elemental gadolinium 4dB5/2B peak occurs at 141.6 eV and Gd 
4dB3/2B peak occurs at 147 eV and in the oxidized state, the 4dB5/2B peak occurs at 143.1 eV 
and 4d B3/2 Bpeak occurs at 148 eV.  
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Figure 3.24 Effect of deposition time on current efficiency in CoGd alloy thin film 
deposition from aqueous sulfamate bath, pH 1.8 on copper foil 
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(a) 
Figure 3.25 (a) XPS survey and (b) high resolution Gd 4d analysis of CoGd deposits in 
polycarbonate membrane prepared from pH 1.8 electrolyte (fig. cont’d.) 
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The deposits in 200 nm pore diameter alumina and polycarbonate was amorphous as 
shown by the XRD results in Fig 3.26. The peaks at 2*θ values of 37˚ and 44˚ in the 
XRD result correspond to Au (111) and Au (200) from the substrate. The amorphous 
structure of GdCo deposits is consistent with the as deposited thin films structure 
prepared both by electrodeposition [3.53] and vacuum deposition techniques [3.54].  
The M-H loops of the deposits were measured using SQUID at room temperature. 
Fig 3.27 shows the M-H loop for cobalt-gadolinium, cobalt-terbium and cobalt-samarium 
nanotubes deposited using pulsed deposition in 200 nm polycarbonate membrane. In all 
these nanotubes, the easy magnetization direction was observed to be in the direction 
perpendicular to the tube axis. However, the difference is more pronounced in cobalt-
terbium and cobalt-samarium alloys as shown in Fig 3.27 (b) and Fig 3.27 (c) because of 
the anisotropic shape of the terbium and samarium atoms.  
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Figure 3.26 XRD results for CoGd deposits in (a) polycarbonate and (b) alumina 
membranes prepared from pH 1.8 electrolyte. 
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Figure 3.27 M-H loop with magnetic field applied parallel and perpendicular to the 
nanotube axis for (a) Co-Gd (b) Co-Tb and (c) Co-Sm nanotubes deposited 
in 200 nm pore diameter polycarbonate membrane by pulsed potential 
deposition (fig. cont’d.) 
 90
  
-1
-0.5
0
0.5
1
-3000 -2000 -1000 0 1000 2000 3000
H (Oe)
M
 (
e
m
u
)
parallel
Perpendicular
 
 
The coercivity and the squareness ratio of CoGd, CoTb and CoSm nanotubes are 
presented in Table 3.2. The coercivities in all these nanotubes are small of the order of 
100 Oe. The squareness ratio in all these nanotubes was higher in the direction 
perpendicular to the tube axis as compared to the direction parallel to the tube axis.  
 
Table 3.2 Coercivity and squareness ratio of CoGd, CoTb and CoSm nanotubes 
deposited by pulsed deposition in 200 nm pore diameter polycarbonate 
membranes 
Coercivity Squareness Ratio  
Parallel Perpendicular Parallel Perpendicular
CoGd 120 120 0.068 0.144 
CoTb 95 120 0.036 0.139 
CoSm 105 105 0.050 0.157 
(c) 
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Figure 3.28 shows the M-H loops for magnetic field applied perpendicular to the 
nanotube axis for cobalt-samarium alloy deposited in 200 nm pore diameter 
polycarbonate membrane by DC deposition and pulse deposition. The coercivity of the 
nanotubes remains 200 Oe in both the cases and shows no dependence on deposition 
method. However, the squareness ratio increases from 0.13 to 0.16 when the nanodeposit 
is fabricated by pulsed potential deposition. 
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Figure 3.28 M-H loop for Co-Sm nanotubes deposited by DC deposition and pulsed 
potential depositionin 200 nm pore diameter polycarbonate membrane 
 
Figure 3.29 shows the deposition of cobalt-gadolinium nanotubes in a 200 nm pore 
diameter alumina membrane by pulsed deposition method. The easy magnetization 
direction for the nanotubes is still in the direction perpendicular to the tube axis. 
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However, the the squareness ratio of the deposits in the easy magnetization direction 
increased from 0.14 to 0.29 as shown in Figure 3.29. The enhanced squareness can be 
attributed to the increase in the gadolinium content in the deposit from an average value 
of 15 wt% in polycarbonate membrane to 55 wt% in alumina membrane.  
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Figure 3.29 M-H loop with magnetic field applied parallel and perpendicular to the 
nanotube axis for Co-Gd nanotubes deposited in 200 nm pore diameter 
alumina membrane by pulsed potential deposition 
 
Protecting the alloy nanotubes from oxidation by exposure to environment causes a 
change in the easy magnetization direction as shown in Fig 3.30. The nanotubes used for 
the magnetization measurement in Fig 3.30 was prepared under the same conditions as in 
Fig 3.29 except for the fact that these nanotubes were coated with copper immediately 
after their deposition minimizing the exposure of the deposits to environment. The easy 
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magnetization direction of these nanotubes coated with copper changed from a 
perpendicular to the tube axis to parallel to the tube axis showing oxidation of the deposit 
is critical to the magnetic properties of RE-Co alloys.  
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Figure 3.30 M-H loop for Co-Gd nanotubes deposited in 200 nm pore diameter alumina 
membrane and coated with copper after alloy deposition 
 
3.4 Summary  
Cobalt gadolinium nanowires and nanotubes were electrodeposited using alumina 
and polycarbonate templates. The composition of the deposits showed strong dependence 
to diffusion with higher diffusion favoring cobalt deposition. The diffusion of HP
+
P/OH P
-
P 
and the pH inside the pores played a significant role in the composition of the deposits. 
The effect of various deposition conditions on nanowire and nanotube formation within 
the template was investigated. Higher hydrogen evolution side reaction was critical to 
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tube formation. Wire formation was favored in smaller pore diameter templates, higher 
pH, longer deposition time and the materials being deposited. Under identical conditions, 
the cobalt deposition resulted in nanowire morphology and cobalt-gadolinium alloy 
deposition resulted in nanotube deposition. 
The complete reduction of rare earth ions during the alloy deposition was confirmed 
by XPS analysis of the deposits in polycarbonate templates protected from exposure to 
air by cobalt overcoat. XRD analysis of the deposits showed amorphous crystal structure. 
Investigation of the magnetic properties of the nanomaterials showed small coercivity 
and squareness ratio values. The easy magnetization direction in the as deposited 
nanotubes exposed to air was found out to be in the direction perpendicular to the axis. 
However, protecting the deposits from oxidation changed the easy magnetization 
direction to parallel to the tube axis.   
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CHAPTER IV. SIMULATION OF RARE EARTH-COBALT ALLOY 
ELECTRODEPOSITION 
4.1 Introduction 
The electrodeposition behavior of cobalt terbium is reminiscent of i. induced 
codeposition, where the more noble Co species increases the rate of the less noble Tb 
reaction; and ii. anomalous codeposition, where the deposition of the less noble Tb 
species inhibits the reduction of the more noble cobalt. Another important feature is that 
iii. electrodeposition occurs within a narrow range of pH.  
The induced codeposition mechanism has been recognized for a long time mostly in 
molybdenum and tungsten electrodeposition with iron group elements. Induced 
codeposition is characterized by the process where a “reluctant metal” does not deposit 
by itself but can be made to deposit in the presence of an “inducing element.” Commonly 
known inducing elements are iron, cobalt and nickel. The occurrence of such a deposition 
mechanism in electrodeposited rare earth elements has not reported until recently. Our 
group was the first to observe induced codeposition of rare earth elements with iron and 
cobalt from aqueous electrolyte. Simultaneously, induced codeposition mechanism in 
rare earth-iron group elements was also reported from organic electrolytes and molten 
salts by Liu et al. [4.1-4.3].  
Various hypothesis have been proposed [4.4-4.9] to explain the induced codeposition 
mechanism especially for nickel-molybdenum and nickel-tungsten electrodeposition. 
Complex ion formation of nickel and tungsten in the bulk electrolyte was proposed as a 
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possible explanation for induced codeposition of molybdenum [4.9, 4.10]. However, no 
such species has ever been detected in the bulk solution phase. Alternatively, reduction of 
molybdate ion to molybdenum oxide and subsequent reduction of the oxide to elemental 
molybdenum by adsorbed hydrogen has also been proposed [4.4, 4.8]. Podlaha et al. [4.6, 
4.7] suggested that the catalytic role of iron group ions on molybdenum deposition based 
on the formation of a mixed metal adsorbed intermediate of molybdenum with iron group 
elements on the electrode surface. Gomez et al. [4.11, 4.12] detected molybdenum oxide 
formation as an intermediate using Raman spectroscopy during cobalt-molybdenum 
deposition. The formation of molybdenum oxide was considered to be the first step in the 
electrodeposition process followed by mixed metal intermediate formation and 
eventually, the reduction of molybdenum. In the absence of nickel ion in the electrolyte, 
an oxide or hydroxide film of molybdenum on the electrode surface was detected [4.13]. 
Also, pH plays an important role in molybdenum alloy codeposition. Significantly lower 
concentrations of molybdenum of the order of 8-11% was observed as compared to about 
23% molybdenum when the pH of the electrolyte was decreased from 6.6 to 4 [4.14].  
In addition to induced codeposition, rare earth-cobalt alloys also exhibit anomalous 
behavior. Anomalous codeposition, commonly observed in iron-zinc, nickel-zinc, iron-
nickel and cobalt-nickel, is characterized by the preferential deposition of less noble 
elements. Various hypotheses based on hydroxide and non-hydroxide mechanisms have 
been used to explain anomalous codeposition. The iron hydroxide formation at the 
electrode surface in iron-nickel alloy deposition was traditionally considered as the 
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reason behind the inhibition of nickel by iron where nickel deposition was assumed to be 
blocked by iron hydroxide adsorbed at the electrode surface. The mass transport limited 
reduction of H P
+
P at the electrode surface was assumed to produce a large enough local 
increase in pH at the electrode surface so that iron hydroxide formation occurs at the 
working electrode [4.15]. However, the analysis of surface pH using in situ techniques 
developed by Deligianni and Romankiw [4.16] showed insufficient rise in pH at the 
electrode surface to form solid iron hydroxide. A modification to the mechanism was 
made by considering the formation of soluble hydrolysis products of iron and nickel 
involved in the deposition reactions [4.17] and the inhibition of nickel was explained on 
the basis of larger dissociation constant for NiOHP
+
P complex as compared to FeOH P
+
P 
complex resulting in higher surface coverage of FeOHP
+
P.  
An alternate hypothesis has been presented by Matlosz [4.18] who proposed 
anomalous codeposition in iron-nickel alloy deposition on the basis of two step reaction 
mechanism involving formation of adsorbed intermediate species. The preferential 
deposition of iron over more noble nickel occurs due to the preferential surface coverage 
of the adsorbed iron intermediate. The inhibition of nickel based on this hypothesis was 
solely dependent on the reaction kinetics of the elements and independent of hydroxide 
formation. Zech et al. [4.19-4.21] observed coupled deposition behavior in NiFe, NiCo 
and CoFe alloys, where not only the inhibition of the noble element took place, but 
simultaneously the less noble element deposition was induced. These results show 
considerable similarity to rare earth-cobalt alloy electrodeposition. Zech et al. proposed 
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the formation of an adsorbed mixed metal intermediate at the electrode surface where the 
noble element catalyzes the deposition of the less noble element and the competitive 
adsorption causes the inhibition of the more noble element.  
Based on the literature study on induced and anomalous codeposition, a mechanism 
for CoTb codeposition is suggested here.  
4.2 Deposition Mechanism 
In order to describe the anomalous and induced codeposition features an adsorption 
mechanism approach was adopted.   
Cobalt reduction is a first order reaction [4.22] and occurs in two steps as shown in 
the following reactions, 
4.2 
4.1 
ads
CoeIICo →+
−)(   
)(sCoeCo
ads
→+
−  
Terbium has a coordination number between 8-9 in an aqueous electrolyte, thus it is 
surrounded by water molecules forming a solvated ion.  Due to hydrolysis some of these 
water molecules become hydroxides, according to P 
+
+↔+ HII TbOHOHIIITb )()(
2
 4.3(a) 
having reported equilibrium values between 10P
-7 
Pto 10P
-9
P M [4.23]. At low pH values, 
equilibrium favors the Tb(III) species. Since terbium reduction was not observed at low 
pH, it is assumed that the terbium hydroxide species are the governing electroactive 
species.  It is also consistent with the electroactive species recognized by Lim et al. 
[4.24]. 
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The concentration of TbOH(II) obtained just by the hydrolysis reaction will be very 
small considering the pH of the electrolyte was 2.15. Alternatively, the formation of the 
hydroxide species locally at the electrode surface can also be anticipated by the following 
reaction due to a rise in pH at the electrode surface. 
4.3(b) )()( II TbOHOHIIITb ↔+ −  
The local increase in pH at the electrode surface takes place due to the reduction of 
H P
+
P at the electrode surface with subsequent evolution of hydrogen gas. In rare earth-
cobalt alloy deposition, the hydrogen evolution reaction follows a Volmer-Heyrovsky 
mechanism due to the strong adsorption of hydrogen onto rare earth surface.  
4.4 adsHeH
+−+
↔+ 
4.5  
2
HHeH
ads
→++
+−
The rise in pH near the electrode surface in a pH 2.15 electrolyte with boric acid as 
the buffering agent will be considerable considering the pKa for boric acid is 9.14, 12.74 
and 13.8. The role of pH rise near the electrode surface was also emphasized by the fact 
that no terbium deposition was observed from a strongly buffered electrolyte with 1 M 
acetic acid even when the bulk pH was maintained at the same 2.15 value. 
In the absence of cobalt in the electrolyte, a thin film of TbOH(II) forms at the 
electrode surface and no reduction of terbium is observed. However, in the presence of 
Co(II) in the electrolyte, a mixed metal intermediate formation occurs at the electrode 
surface given by the following electrochemical reaction. 
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4.6 
.
2 )()(
ads
OHTbCoeOHCoIIITb →+++
−−+  
Since the deposition of terbium only occurs in the presence of cobalt, a mixed metal 
TbCo intermediate is imperative to terbium deposition. Terbium deposition was favored 
at potentials more negative to -1.2 V. Liu et al. observed the deposition of SmCo at a 
potential of -1.15 V and NdFe at a potential of -1.25 V even though the reduction 
potential of Sm(III) and Nd(III) is in the range of -2.5 V vs. SCE. These results validate 
the assumption of a mixed metal intermediate formation.  
A competition for free active adsorption sites occur between the adsorbed mixed 
metal intermediate and the cobalt adsorbed intermediate. At potentials negative to -1.2 V 
the adsorption of the intermediate must be greater than Co, resulting in Co inhibition.  
The mixed metal intermediate is further reduced at the surface to yield terbium 
deposition as shown in the following reaction, 
4.7 −+−
++→+ OHCosTbeOHTbCo
ads
2)(2)(   
The Co (II) acts as a catalyst for terbium reduction. This mechanism explains the 
observed induction effect of terbium deposition by cobalt, which results in terbium 
reduction at more noble potentials than the equilibrium reduction potential. 
4.3 Model Development 
This model is based on the assumption of competitive adsorption of metal ions and 
hydrogen onto the electrode surface. Langmuir type adsorption is assumed where just a 
single layer of adsorbed species is considered. The effect of boric acid and the anions on 
reaction kinetics and adsorbed species is neglected. Since the concentration of salts in the 
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electrolyte was small, dilute solution theory is assumed to hold and the interaction 
between the charged particles in the homogeneous phase has been neglected. Also no 
chemical reaction is assumed between the metal ions in homogeneous phase. All 
reactions involving metal ions are assumed to be electrochemical taking place at the 
electrode surface. So a change in concentration in one direction is assumed, perpendicular 
to the electrode surface. The electrochemical reactions are assumed to follow Tafel 
kinetics and the mass transport is assumed to occur through convection and diffusion 
only. A fixed boundary layer is assumed and the mass transport in the boundary layer is 
assumed to take place only by diffusion. The concentration profile of the species in the 
boundary layer is assumed to vary linearly as shown in Fig 4.1. Fig 4.1 presents a 
schematic of the diffusion layer in the vicinity of the working electrode surface. So, in the 
diffusion layer, the fluxes of all the species satisfy the continuity equation. Beyond the 
boundary layer, δ, the concentration of all the species are constant and natural 
convections is assumed to dictate the mass transport in this region.  
 
Convection and Diffusion 
CBiB = CBiPB
b X=δ P 
Diffusion only 
0=⋅∇
i
N
nF
i
N
i
i
= X=0 
Figure 4.1 Schematic of RE-Co thin film deposition model 
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 The electrochemical reactions take place at the electrode surface and hence enter the 
model as boundary conditions. The boundary layer thickness (δ) is established by natural 
convection in the bulk electrolyte since the electrodeposition was carried out under 
quiescent conditions. The thickness of the boundary layer can be estimated using 
correlations developed for natural convection. However, the problem is complicated by 
additional convection created by rising hydrogen bubbles generated at the electrode 
surface. The best approximation of boundary layer thickness is made by experimentally 
calculating the boundary layer thickness for cobalt (II) and assuming the boundary layer 
of all the species to be equal. Figure 4.2 shows the partial current density of cobalt in an 
identical electrochemical setup as the alloy deposition.  
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Figure 4.2 Cobalt partial current density from 0.2 M CoSOB4B, 0.5 M boric acid, pH 2.15 
electrolyte under quiescent condition 
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The limiting current of cobalt for a 0.2 M electrolyte at pH 2.15 was measured to be -
28.9 mA/cm P
2
P. The limiting current can be related to the boundary layer thickness by the 
following expression.  
δ
b
Co
c
D
F
i
−=
2
lim 4.8 
 
Using the bulk diffusivity and concentration of cobalt (II), the boundary layer was 
estimated to be 40.1 µm. 
The governing equations in the boundary layer under steady state condition is given 
as follows 
0
2
2
=
dx
Cd
D
i
i 4.9 
 
There are seven unknowns in this model; the concentration of four species at the 
electrode surface CBCo B2+, C BTb B3+, C BH B+ and CBOH B- and the surface coverage of three adsorbed 
species θBCo B, θ BTb Band θ BH B. The four governing equations used to solve the concentration of 
the species at the electrode surface are presented in Table 4.1 
Table 4.1 Steady state diffusion equations in the boundary layer 
  
  
  
  
4.13 
4.12 
4.11 
0=−
+
−
H
OH
w
C
C
k
0
2
2
2
2
=+−
−
−
+
+
dx
Cd
D
dx
Cd
D
OH
OH
H
H
0
2
2
3
3 =
+
+
dx
Cd
D
Tb
Tb
0
2
2
2
2 =
+
+
dx
Cd
D
Co
Co
4.10 
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The diffusivity values used in the model for various species are presented in Table 
4.2. The diffusivities of CoP
2+ 
Pand OH P
-
P are taken from the literature [4.25]. The diffusivity 
of TbP
3+
P and HP
+ 
Pare obtained by data fitting in the model since the diffusivity of TbP
3+
P is not 
available in the literature and the diffusivity of HP
+
P is found to be two orders of magnitude 
lower than the values reported in the literature. A lower value of diffusivity for H P
+ 
Pis 
believed to be due to the diffusion of protons through the mixed metal oxide layer in 
order to get to the electrode surface for reduction. 
 
Table 4.2 Diffusivity values used in the model for the reacting species 
 Species Diffusivity (cmP
2
P/s) 
1 CoP
2+
P 3.0·10P
-6
P
 
2 Tb P
3+
P 1.6·10P
-7
P
 
3 H P
+
P 4.2·10P
-6
P
 
4 OH P
-
P 5.0·10P
-5
P
 
The three θ values were calculated using the following expressions, 
0
21
=−
F
i
F
i 
4.14 
 
0
433
=−−
F
i
F
i
F
i
bf 4.15 
 
0
2
655
=−−
F
i
F
i
F
i
bf
 
4.16 
 
The boundary conditions used in this model are listed in Table 4.3 and 4.4. At the 
boundary layer, the concentration of each species is equal to the concentration of the bulk 
electrolyte. The bulk electrolyte boundary conditions are listed in Table 4.3.  
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Table 4.3 Boundary layer boundary conditions 
 
  
  
  
  
4.17 ++ =
2
2 Co
b
Co
CC
+
+
=
3
3 Tb
b
Tb
CC
4.18 
+
+
= H
b
H
CC
4.19 
−
−
= OH
b
OH
CC
4.20 
 
At the electrode surface (x=0), the flux of each species is equal to the rate of consumption 
of the species by electrochemical reaction. The boundary conditions at the electrode 
surface are listed in Table 4.4.  
 
Table 4.4 Boundary conditions at x=0 
 
  
dx
dC
D
F
i
F
i
F
i
F
i Co
Co
bf +
+
=−−+
2
2
2
6551 4.21 
  
  
  
dx
dC
D
dx
dC
D
F
i
F
i
F
i
F
i
F
i
F
i
OH
OH
H
H
bfbf −
−
+
+
−=⎟⎟
⎠
⎞
⎜⎜
⎝
⎛
−−+−
2
655433 4.22 
dx
dC
D
F
i
F
i
Tb
Tb
bf +
+
=−
3
3
55 4.23 
4.24 0=− −+
OHHw
CCk
 
The rates of reactions and the kinetic parameters are listed in Table 4.5. The kinetic 
parameters were evaluated by fitting the experimental data for the equimolar 
concentration of cobalt and terbium ion in the electrolyte to the developed model.  
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Table 4.5 Kinetic rate expressions and the kinetic constants obtained by fitting the 
experimental data set for 0.2 M Co(II) electrolyte in the model 
 
 
kBiB βBiB 
 
 
2.5·10P
-8
P 0.23 
 
 
1.0·10P
-9
P
 0.5 
 
 
5.0·10P
-15
P
 0.611 
 
 
6.0·10P
+2
P
 0.5 
 
 
6.0·10P
-11
P
 0.35 
 
 
4.0·10P
+12
P
 0.07 
 
 
4.0·10P
+15
P
 0.5 
 
 
4.0·10P
-12
P
 0.38 
 
⎟
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RT
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F
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aTb
CoTbOHb
b 1
5
5
exp 4.31 
⎟
⎠
⎞
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⎝
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β
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RT
F
k
F
i
Tb
CoTbOH
2
exp
2
2
6
6
4.32 
Where η is the overpotential given by E – E BrevB and θ is the fractional surface coverage of 
adsorbed species given by 
4.33 HTbCo θθθθ ++=  
And the fractional available adsorption sites on the working electrode is given by 
4.34 θθ −=1e  
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The differential equations were solved using a finite difference method. A forward 
difference method and backward difference method was used to solve the equations at x 
= 0 and x = δ respectively, and central difference was used in the domain, between 0<x< 
δ. The non linear equations were linearized using Taylor series expansion and a Newton 
Raphson method was applied to form a tridiagonal matrix. The Jacobian matrices were 
solved in a Matlab environment to calculate the concentration profile of each species and 
the surface coverage of adsorbed species at a constant potential. The partial current 
density for each reaction was calculated by repeating the calculation at an increment of 
0.02 V, thus capturing the partial current density behavior over a potential range from - 
0.5 V to – 2.5 V. The partial current density of Co, Tb and H was calculated as follows; 
4.35 
21
iii
Co
+=  
4.36 
433
iiii bfH +−=  
4.37 
655
iiii bfTb +−=  
The current efficiency was calculated as follows; 
100×
++
+
HTbCo
TbCo
iii
ii
 4.38 
And the weight percent composition of the deposit was calculated using the following 
expressions. 
100% ×
+
=
CoCoTbTb
TbTb
MiMi
Mi
Tb  4.39 
4.40 100% ×
+
=
CoCoTbTb
CoCo
MiMi
Mi
Co  
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4.4 Results 
The model based on the proposed mechanism was developed to simulate the 
polarization curve and partial current densities of cobalt, terbium and side reactions. 
Some of the constants in the model were not known so were fitted to a single set of data. 
Fig 4.3 shows the simulation to the fitted data set. The simulated results successfully 
predicts the initial cobalt deposition current which starts to build up at a potential of -0.7 
V followed by an inhibition of total current density at the potential of -1.2 V when the 
alloy deposition starts.  
 
Figure 4.3 Simulated results for cobalt-terbium alloy deposition on copper foil from a 
pH 2.15 electrolyte 
 
The inhibition of the total current density has been modeled based on the competitive 
adsorption of cobalt, cobalt-terbium mixed metal intermediate and hydrogen. Once the 
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alloy deposition starts at a potential of -1.2 V, the surface coverage of hydrogen goes up 
due to strong M-H bond between hydrogen and terbium resulting in a faster hydrogen 
adsorption reaction and slower desorption reaction. Fig 4.4 shows the simulated results 
for fractional surface coverage of various species at different potentials. The largest of the 
three fractional coverages is the θBH B, which controls the blocking effect. The values of 
θBTbCoB and θ BCo B are very small, close to zero.  
 
Figure 4.4 Simulated surface coverage of adsorbed species at various potentials 
 
Fig 4.5 shows the comparison between the simulated and experimental results for 
total and partial current densities in cobalt-terbium alloy deposition. The current density 
data show a very good fit between the simulated and the experimental results for total 
current density (Fig 4.5(a)) as well as for terbium, cobalt and side reaction partial current 
densities as shown in Fig 4.5(b), 4.5(c) and 4.5(d) respectively.  
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Figure 4.5 Simulated and experimental results for (a) total current density and (b) 
terbium, (c) cobalt, (d) side reaction partial current densities (fig. cont’d.) 
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 The composition of terbium cobalt alloy deposit was predicted using the same kinetic 
parameters. A good fit between the experimental and simulated data was observed for the 
composition of the deposit as shown in Fig 4.6. Similar to the experimental results, the 
model also predicted a start of terbium deposition at -1.2 V and a terbium rich alloy 
deposit with terbium concentration close to 85 weight % at a potential of -2.5 V.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 Simulated and experimental results for the composition of terbium-cobalt 
alloy thin film deposited over copper foil from a pH 2.15 electrolyte.  
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Figure 4.7 shows the experimental and simulated data for the current efficiency of 
cobalt-terbium alloy deposition. The experimental current efficiency was obtained by 
using 5 C of charge in deposition cobalt terbium alloy thin film on copper foil. The 
simulated results show close prediction of the current efficiency data.    
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Figure 4.7 Simulated and experimental results for current efficiency of terbium-cobalt 
alloy deposition.  
To test the applicability of the model under different deposition conditions without 
any additional fitted parameters, the composition of the electrolyte was changed and the 
model was used to predict the experimental results. Fig 4.8 shows the total current 
density and partial current densities of terbium, cobalt and side reaction when the 
composition of the electrolyte is changed from 0.2 M to 0.1 M and 0.3 M. The total 
current densities at different concentration of cobalt in the electrolyte show the correct 
trend of an increase in total current density with increasing cobalt concentration as shown 
in Fig 4.8. The simulated data for 0.1 M and 0.2 M cobalt concentration matches well 
with the experimental results. However, the simulated result for the total current density 
at 0.3 M cobalt concentration is lower than the experimental data.   
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Figure 4.8 Simulated and experimental results for total current densities at 0.1 M, 0.2 
M and 0.3 M cobalt concentration in the electrolyte 
 
Fig 4.9 shows the terbium and cobalt partial current densities at different 
concentrations of cobalt ion in the electrolyte. The simulated data show the enhancement 
of terbium partial current density with an increase of cobalt concentration in the 
electrolyte as shown in Fig 4.9 (a) which is reminiscent of induced codeposition. The 
model also successfully predicts an increase in cobalt partial current density with increase 
in cobalt ion concentration as shown in Fig 4.9 (b). However, except for the 0.2 M cobalt 
concentration, the data fit between the experimental and simulated results is not very 
good.   
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Figure 4.9 Simulated and experimental results for (a) terbium and (b) cobalt partial 
current densities at 0.1 M, 0.2 M and 0.3 M cobalt concentration in the 
electrolyte 
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Fig 4.10 shows the simulated and experimental results for the deposit compositions 
at different cobalt ion concentrations in the electrolyte. The simulated results successfully 
predict a drop in terbium concentration in the deposit when the cobalt ion concentration 
in the electrolyte is increased from 0.2 M to 0.3 M. However, the model fails to predict a 
drop in concentration of terbium in the deposit when the cobalt ion concentration is 
reduced from 0.2 M to 0.1 M.  
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Figure 4.10 Simulated and experimental results for terbium concentration in the alloy at 
0.1 M, 0.2 M and 0.3 M cobalt concentration in the electrolyte 
 
Fig 4.11 shows the current efficiency of alloy deposition at various concentration of 
cobalt ion in the electrolyte. The model successfully predicts a drop in current efficiency 
of the electrolyte with a drop in cobalt ion concentration. However, the magnitude of the 
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drop is quite small. For example, reducing the cobalt concentration from 0.2 M to 0.1 M, 
the experimental current efficiency drops from 70 % down to 20 %, whereas the 
simulated current efficiency drops from close to 70 % to about 65 %. 
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Figure 4.11 Simulated and experimental results for current efficiency of alloy deposition 
at 0.1 M, 0.2 M and 0.3 M cobalt concentration in the electrolyte 
 
The reason behind the poor data predictability by the model is believed to be due to 
the lack of available kinetic constants. In addition, since this is the first attempt to 
propose an interacting codeposition mechanism in rare earth-cobalt alloys, it is very 
likely that all the factors influencing the deposition behavior are not known. For example, 
the effect of anions on the deposition behavior was not incorporated into the model, nor 
the complexing equilibria. An exploratory polarization curve from electrolytes containing 
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no SO B4PB
2-
P ions (1 M ClP
-
P) and 0.2 M SO B4PB
2-
P (0.6 M Cl P
-
P) for CoGd alloy thin film deposition 
is shown in Fig 4.12. The rates of reactions from these two electrolytes are significantly 
different especially in the alloy deposition region. The disparity in these two cases is 
likely due to the variation in stability constants of the metal complexes with ClP
-
P, and 
SO B4PB
2-
P. Detailed analysis of the effect of anions on the partial current densities, 
composition of the deposits and current efficiencies is subject to future work. Further 
study on the electrodeposition of rare earth-cobalt alloys including the effect of anions 
and in situ analysis of the deposition is proposed as future work in order to improve the 
predictability of the model. 
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Figure 4.12 Polarization curve for CoGd alloy deposition on copper foil from baths 
containing different concentration of SO B4PB
2-
P ion 
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4.5 Summary 
A first representative model for electrodeposition of rare earth-cobalt alloy 
deposition is proposed. The model encompasses induced and anomalous codeposition 
behavior observed in rare earth-cobalt alloys. A mechanism based on the formation of 
mixed metal intermediate as proposed by Podlaha et al. and Zech et al. in induced 
codeposition and anomalous codeposition has been presented. The induced codeposition 
effect has been explained by the catalytic activity of cobalt in mixed metal intermediate 
formation and subsequent reduction of rare earth elements. Competitive adsorption for 
the available active sites at the electrode surface has been considered as the basis for 
anomalous codeposition. The role of pH in the alloy deposition has been explained in 
terms of TbOH(II) being the electroactive species and not Tb(III) due to the water 
molecules surrounding the Tb(III) ion making it inaccessible to charge transfer.  
 A steady state model was developed in the Nernst diffusion layer by a finite 
difference method. The kinetic parameters were evaluated based on fitting of the 
experimental data with the simulated results. The kinetic rate constants and the symmetry 
factor for the best fit have been reported. The model showed a perfect fit to the 
composition of the deposit, current efficiency, total current density as well as the partial 
current densities. To extend the validity of the model to different deposition conditions, 
the concentration of cobalt in the electrolyte was altered. The simulated results predicts 
the right trend when the concentration of cobalt is increased from 0.1 M to 0.3 M in most 
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of the cases even though the predicted results do not show the perfect fit with the 
experimental data. 
 The limitation of the model mostly comes from the absence of known constants 
and a definitive mechanism. Since this is the first coupled deposition mechanism 
proposed for rare earth-cobalt alloys based on the results of this work alone, there is a 
that likelihood the mechanism is too simplistic. The mechanism needs further 
investigation including in situ deposition analysis to identify the elementary reactions and 
the factors influencing the deposition behavior.    
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CHAPTER V. CONCLUSION 
The electrodeposition of rare earth-cobalt alloys was carried out from an aqueous 
electrolyte. These alloys are of interest because of their unique magnetic properties and 
their potential applications in sensing and storage. Unlike previous literature reports, this 
study facilitates the deposition of rare earth-transition metal alloys with significantly high 
rare earth content thus making these alloys suitable for a large number of applications. 
The experimental results suggest that the deposition mechanism of the cobalt and terbium 
are coupled: terbium reduction was induced by the cobalt ion in the electrolyte similar to 
the induced codeposition mechanism; and cobalt was inhibited by the presence of terbium 
similar to anomalous codeposition. Thus induced codeposition of terbium with cobalt is 
proposed as an alternative approach to deposit rare earth-cobalt alloys. Further, the 
interacting deposition mechanism was not limited to terbium-cobalt alloy but was shown 
to occur in all the three rare earth-cobalt alloys depositions analyzed in this work. The 
rate of deposition of terbium was found to be highest among the three rare earth elements 
investigated and the rate of samarium deposition was the lowest. Further, pH of the 
electrolyte played an important role in rare earth electrodeposition. The deposited thin 
films did not have uniform composition but a gradient in composition existed along the 
thickness of the films. 
Rare earth-cobalt nanowires and nanotubes were fabricated for the first time, to the 
best of author’s knowledge. Template based deposition using alumina and polycarbonate 
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templates were used to deposit the nanostructures. The composition of the deposits 
showed strong dependence to diffusion with higher diffusion favoring cobalt deposition. 
The diffusion of H P
+
P/OH P
-
P and the pH inside the pores played a significant role in the 
composition of the deposits. The effect of deposition conditions on nanowire and 
nanotube formation within the template was investigated. The rate of hydrogen evolution 
side reaction was critical to wire or tube formation with higher gas evolution favoring 
tube formation. Wire formation was favored by smaller pore diameter, higher electrolyte 
pH, longer deposition time and the materials being deposited.  
A brief characterization of the properties of the nanomaterials was carried out. The 
complete reduction of rare earth ions during the alloy deposition inside the templates was 
confirmed by XPS analysis of the deposits in polycarbonate templates protected from 
exposure to air by cobalt overcoat. XRD analysis of the deposits showed amorphous 
crystal structure. Investigation of the magnetic properties of the nanomaterials showed 
small coercivity and a squareness ratio values of the order of 100 Oe and 0.14 
respectively. The easy magnetization direction in the as deposited nanotubes exposed to 
air was found out to be in the direction perpendicular to the axis. However, protecting the 
deposits from oxidation changed the easy magnetization direction to parallel to the tube 
axis. 
Based on the experimental results of rare earth-cobalt alloy deposition on planar and 
porous electrodes, a representative mechanism for electrodeposition of rare earth-cobalt 
alloy deposition was proposed. The mechanism encompassed induced and anomalous 
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codeposition behavior observed in rare earth-cobalt alloys. The induced codeposition 
effect was explained by the catalytic activity of cobalt in mixed metal intermediate 
formation and subsequent reduction of rare earth elements. Competitive adsorption for 
the available active sites at the electrode surface was considered as the basis for 
anomalous codeposition. The role of pH in the alloy deposition was explained in terms of 
TbOH(II) being the electroactive species and not Tb(III) due to the water molecules 
surrounding the Tb(III) ion making it inaccessible to charge transfer.  
The electrodeposition mechanism was used to develop a steady state model in the 
Nernst diffusion layer based on finite difference method. The kinetic parameters were 
evaluated based on fitting of the experimental data with the simulated results. The kinetic 
rate constants and the symmetry factor for the best fit have been reported. The model 
showed a perfect fit to the composition of the deposit, current efficiency, total current 
density as well as the partial current densities. To extend the validity of the model to 
different deposition conditions, the concentration of cobalt in the electrolyte was altered. 
The limitation of the model mostly comes from the absence of known constants and a 
definitive mechanism. Since this is the first coupled deposition mechanism proposed for 
rare earth-cobalt alloys based on the results of this work alone, there is a that likelihood 
the mechanism is too simplistic. The model constants and mechanism needs further 
investigation including in situ deposition analysis to identify the elementary reactions and 
the factors influencing the deposition behavior. 
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APPENDIX A. LIST OF SYMBOLS 
iBj  BCurrent density of jP
th
P reaction 
iBlim  BLimiting current density 
D Bp  BDiffusivity of species p 
cP
b  
PBulk concentration  
δ  Boundary layer thickness 
F  Faraday’s constant 
NBp  BFlux of species p in the electrolyte 
n  Number of electrons involved in the reaction 
kBw  BEquilibrium constant of water dissociation reaction 
kBj  BReaction rate constant of jP
th
P reaction 
θBp  BAdsorbed surface coverage of pP
th
P species 
βBj  BSymmetry factor of jP
th
P reaction 
η Bj  BOverpotential (E - EBrevB) of jP
th
P recation  
R  Gas constant 
T  Absolute temperature 
 
 
 
 
 132
APPENDIX B. THIN FILM DEPOSITION TECHNIQUES 
Thin film fabrication techniques can be broadly classified into physical processes 
and chemical processes. Fig B.1 summarizes thin film deposition processes. The physical 
processes constitute ejecting material to be deposited from a target by means of high 
speed electrons, ions, molecules or by evaporating and directing the material to the 
substrate. Chemical processes are often characterized by the occurrence of chemical 
reaction at the substrate surface. Electrodeposition falls under the chemical processes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Evaporation Sputter Deposition 
Physical processes Chemical Processes 
Ion Plating 
Laser Ablation 
MBE 
Electron Beam  
Thermal 
RF 
DC 
Magnetron 
CVD Plating Sol-Gel 
MOCVD 
PECVD 
Thermal 
Electrodeposition
Electroless 
Thin Film Deposition 
Figure B.1 Classification of thin film deposition processesP
[B.1] 
B.1 A.A.R. Elshabini-Riad, F. D. Barlow III., T hin film technology handbook, TMcGraw-Hill, (1998). 
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APPENDIX C. CYCLIC VOLTAMMETRY 
Cyclic voltammetry is one of the mostly used electroanalytical tools used in 
electrochemistry to identify various electrochemical reactions. Similar to polarization 
curve, the potential is ramped as shown in Fig 1 and the current response is recorded.  
-E vs. SCE
t 
 
Figure C.1 Potential sweep in cyclic voltametry 
In cyclic voltammetry, the potential ramp is usually performed at a larger rate so 
as to cause unsteady current response, which leads to formation of current peaks and thus 
helps identify the electrochemical reactions. Current peaks can also arise due to adsorbed 
intermediates. A typical cyclic voltammetry response is illustrated as in Fig 2.  
i 
-E vs. SCE
 
 
 
 
 
 
Figure C.2 A sketch of a typical cyclic voltammogram 
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APPENDIX D. PROPERTIES OF RARE EARTH ELEMENTS 
Table D.1 Physical properties of rare earth elementsP
[D.1]
P
 
 
Elements Symbol Atomic 
Number
Atomic Weight Density Crystal 
Structure
Yttrium Y 39 88.90 4.469 Hcp 
Scandium Sc 21 44.96 2.989 Hcp 
Lanthanum La 57 139.91 6.145 Dhcp 
Cerium Ce 58 140.12 6.770 Fcc 
Praseodymium Pr 59 140.90 6.773 Dhcp 
Neodymium Nd 60 144.24 7.007 Dhcp 
Promethium Pm 61 147.00 7.260 Dhcp 
Samarium Sm 62 150.35 7.520 Rhomb 
Europium Eu 63 151.96 5.243 Bcc 
Gadolinium Gd 64 157.25 7.900 Hcp 
Terbium Tb 65 158.92 8.229 Hcp 
Dysprosium Dy 66 162.50 8.550 Hcp 
Holmium Ho 67 164.93 8.755 Hcp 
Erbium Er 68 167.26 9.066 Hcp 
Thulium Tm 69 168.93 9.321 Hcp 
Ytterbium Yb 70 173.04 6.965 Fcc 
Lutetium Lu 71 174.97 9.840 Hcp 
D.1 B. Coqblin, The Electronic Structure of Rare Earth Metals and Alloys and the Magnetic Heavy Rare 
Earths, Academic Press, 1977. 
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